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This thesis presents the detailed design for a dynamic
linker suitable for microcomputer operation. The design
exhibits the usual property of dynamic linking in that the
binding of in terprocedure symbolic references to virtual
addresses is deferred until the symbolic reference is first
encountered during process execution. The design includes
the specification of dynamic linker modules and data
structures. Furthermore, an overview of necessary operating
system support is presented alon^ with a detailed discussion
of all additional translator output required. Eardware
features desirable (but not necessary) in a dynamic linking
environment are reviewed.
Pynamic linking without translator support and unlinking
of an object (from a process address spaced are
investigated. A subset of the dynamic linker design (not
including the unlinking capability) was implemented on an
Intel £0G0 microprocessor as a demonstration of the
feasibility of the concepts introduced.
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I. INTRODUCTION
Dynamic linking has been previously assumed to be
restricted to those computing systems that were specifically
designed to support a dynamic linker. The first goal of this
thesis was to determine if specialized hardware, such as
found in Multics [11] t is essential to realize dynamic
linking. And, given that specialized hardware is not
necessary, the second goal was to design a linker compatable
with existing* microcomputer architectures.
The design of a dynamic linker was developed with a
basic set of design criteria (Table 1> established as
guidelines. (A. complete discussion of the implicatiors of
these criteria is delayed until the end of this thesis."! The
most fundamental criterion whicn characterizes dynamic
linking relates to when an object is bo^nd to a virtual
address within a -process address spac^. In the traditional
static environment, this binding occurs prior to program
execution. In a dynamic linking environment, binding is
delayed until an object is first referenced by a process.
This capability allows tremendous flexibility in the
development of software systems.
10

TABLE 1 - DESIGN CRITERIA FOR. A DYNAMIC LINKER
1. Delayed Binding - The binding (linking) of an
external object to a virtual address (within a process
address space) must not take place until the object is
first referenced during program execution.
3. Domain Independence - The dynamic linker must he
compatahle with current secure operating system designs.
In a multidomain environment, the dynamic linker must he
capable of executing in the domain of the calling
subroutine (vice executing in the security kernel ).
4. Syntatic Compat abili ty - The design must allow
external objects to be utilized in the same context as
internally defined procedures and data. (This implies
that external objects can be used as parameters subject
only to the limitations of the language syntax.)
5. Pure Object Code - The dynamic linker must permit the
object code of a procedure to remain pure, allowing
sharing of procedures in a multiprogramming environment.
6. Hardware Independence - The design must be
implemen table on a microprocessor which does not possess
those hardware features specifically associated with
dynamic linking. In Multics [11], the features include:
a. hardware segmentation
b. demanding paging
c. indirect addressing tnrougn memory
d. a linkage fault during indirection
It has been shown [7] that it is not necessary for the





The traditional concept of linking and. loading [14]
involves one, or possibly two operating system routines that
load several distinct objects into memory, combine them into
one address space (loading), and finally resolve addressing
between objects (linking). The end result is an executable
program.
The static and inflexible functions carried cut by the
linking loader place undesirable limitations on program
development. First, a program must be intact (i.e., contain
all objects required for proper execution) prior to run
time. Second, if a module is changed, the whole program must
be relinked. Furthermore, a module may te statically linked
to several programs resulting in multiple copies of a module
existing within the system. Dynamic linking is proposed a?
an alternative to static linking t-hat solves these problems.
Dynamic linking [9, 11, 14] offers two ether majcr
advantages over static linking. First, dynamic linking
allows a programmer to write and test incomplete programs
since one may include in a subroutine a reference to an as
yet unwritten external object and, as long as tne reference
is never executed, the prog-ram will net experience a run
time error. In the field of software development, this
feature is advantageous since incomplete rrodules may still
12

be tested individually. (It should be noted at this tine
that once the user has a completely tested product, it may
"be desired to statically link modules together to avoid tne
run time overhead associated with dynamic linking.)
Tne second major advantage of dynamic linking is that
modules of a program need not he venerated "by the same
translator. For example, in a dynamic linking environment
one may use FORTRAN to do some double precision scientific
calculations. If the results were then stored in an external
data structure, they could he displayed using a dynamically
linked module written in a more suitable language fcr I/C
formatting such as PI/1. Eecause the modules 'communicate'
via the external data structure, and are dynamically linked
to each other, they need not be from tne same translator.
(Note that a dynamic linker does not prohibit such a
'heterogenous' program from executing but may not te
sufficient in itself to allow proper execution.)
A. TK2 TRADITIONAI LINKING LOADER
First of all, the 'linker' and the 'leader' should be
considered separate operating system functions. Linking may
still be viewed as the combining of several objects into one
program; however, the loading process actually consist of
two distinct operations. The popular concept of a loader is
one of a static operation prior to run time wnich takes seme
object cole associated with a program and 'leads' this rode
13

into main memory wnere it can be executed. This is tne
second function of a loader. The leader must first determine
wnere eacn object will te placed in the address space of tne
process (viz., a program in execution). (This traditional
concept views tne address space as a linear array of memory
locations.) After loading, the linking- loader would link
distinct objects into a single program by resolving tne
addressing of data and procedures defined external to
individual subroutines. (It is noted that some reverse tne
order by linkinging loaders may link before loading).
3. DYNAMIC LINKING
The alternative to the static linking phase of the
linking loader is to dynamically link separate c v jects at
run time. This involves objects referred to in the source
code of a program by a symbolic name only. The corpl°te
operation (including a dynamic linking pnase) dictates that
the object be located, and added to the address space cf a
program (i.e., assigned a virtual address?. Then tne
reference to an object's symbolic name is converted intc an
addressing instruction using tne object's virtual address.
This implies that a subroutine as it exist at the beginning
of run time cannot properly execute since the object code
produced from a reference to a symbolic name must be
converted into a virtual address in the address space of a




In order to support dynamic linking a system rrust nave
the ability to enter objects in the address space of a
process during run time. Additionally, the operating system
must be able to 'load' an object into memory during program
execution. As has been noted these two functions
traditionally have been considered operations associated
with the loader. However, it should be apparert that this
'loading' is actually a function of dynamic memory
allocation using techniques such as pacing, segmentation, or
dynamic relocation. Thus in a dynamic linking environment
the loader functions ar° carried out by the operating system
memory management that enters objects in a process address
space
.
C. OPERATING SYSTEM ENVIRONMENT FOR A DYNAMIC LINKER
1 . The Logical levels of an Operating System
It is useful at this time to propose an abstract
operating system as an environment in wnicn a dynamic linker
will exist. This operating system consist f U
'
hierarchical levels. (An operating system design along these
lines has been shown feasible for microcomputers [lfc] . 1 The
most fundanental level consist of the hardware associated
with the target machine. Atove this level? is a software
kernel that includes the most basir software primitives
including memory management, file primitives. and
15

multiprocessing support. Conceptually, the kernel includes
those software routines which, in a secure operating system,
must be protected from malicious or inadvertant tampering.
In a multiprogramming environment, the kernel provides the
capability to multiplex resources (i.e., line printers, disk-
units, etc.) for various user processes.
The level above the kernel, the supervisor level,
consist of tnose operating system routines which need not
exist in the kernel. In general, the supervisor provides
common services to all users. The final level is the user
level where user programs and data reside. fit has been
shown (by Jansen [7] ) that the linker should be able to
reside in all user levels. Jansen [7] also demonstrated that
the dynamic linker need not and, more importantly, should
not exist in the kernel.)
16

2. An Introduction to the Address Space ,va?£p g :
Before an o"bject can "be linked, it rust be
i
addressable by a process. In a static environment, this
would equate to loading the object in the address space of a
process by allocating to it a linear block of rrpmory.
Essentially this is what is done in a dynamic environment
except the object retains its identity as a distinct segment
and is allocated a virtual address . (In this thesis,
virtual addresses will be considered to consist of a segment
number plus some offset from the base of that segment.) The
assignment of a virtual address to an object will be done by
the address space manager.
The address space manager is invoked by the dynamic
linker with a request to make an object known. whe address
space manager does this by assigning to the object a unique
identifier, such as a segment number, that car. be used to
access the object within the process address space. An entry
for the object will then be made by the address space
manager in a table to prevent assigning" multiple identifiers
to the same object. This implies that a search would first
be made of this table, which is called the Frocess Reference
A virtual address is a potentially relocatable addrpss
which may be converted into an absolute address by hardware.
It may consist of a segment number and offset, or some other
relative format in which the bas° address of the segment is
added to an offset to achieve the absolute address. (However
this does not imply that segmentation hardware is necessary
in a dynamic linking environment.)
17

3Table * , to determine if the object is already known. If
not, the address space manager would nave the object
assigned a segment number (identifier), create an entry for
the object in the process reference table, and return this
segment number to the linker.
D. TERMINOLOGY
In order to ensure that the terminology used is
understood, the following definitions are offered.
A subroutine will be defined as a basic unit of
standalone, executable code (i.e., a procedure). Several
subroutines and data objects can be combined to form a
program. Stated another way, a program consist of all
subroutines and data modules utilized by that program during
its execution. A process [1] is a program in execution and
is characterized by an execution point (usually defined by a
hardware program counter) and an address space. During
execution, a subroutine may call an external object that is
known to that subroutine only by its symbolic name prior to
execution. The reference to an external object within a
subroutine will be called an external reference [15]. An
external object [4j may consist of either data (external
data) or an external procedure (that is itself a
subroutine). Eacn object is a distinct logical entity and
* In Multics f 1 1] , the process reference table is called
the known segment table.
18

will at times also be referred to as a segment [14]. (An
effort is made to use the term "object" whenever possible to
avoid the implication that a processor featuring hardware
segmentation is necessary in a dynamic linking environment.)
19

III. THE LINKING PROCESS: AN OVERVIEW
Before detailing the dynamic linking process, a "brief
walktnrougn of the steps involved in establishing a link
between the subroutine <Caller> and some external procedure
<Target ' Entry_Name> will be investigated. (Entry_Name
represents one of multiple accesses, or entry points, into
<Target>. An entry point into an object can be considered a
label that can be referenced by an external object.
Associated with each entry point is a unique entry name, and
an entry point offset that represents the relative offset of
the entry point from the starting location of the object. )
Fundamentally, the following events must occur to link
<Target j En try_Narne> to <Caller>. The linker must be invoked
when a reference to <Target ! Ent ry_Name> is first
encountered. The linker must be capable of accessing the
symbolic name "Target jEntry_Name" and usirg that symbolic
name to learn the segment number of <Tar^et>. The linker
will then establish a link to <Target 'En try_Name> such that
subsequent references found in <Caller> will not requine
invocation of the linker but instead will result in either a
call to <Target ! Entry Name>, in the case of an external
The term 'entry point' has evolved as representing
either the label 'entry point' or the offset associated witii
that label [11, 14 J . Tnis convention will be continued in
this thesis and, where the possibility of ambiguity exist, a
comment will be made to ensure clarity.
20

procedure, or a rrerrory reference to the virtual address of
some external data.
A. THE WAIKTHHOUGE
When the translator encounters an external reference in
the source code of <Caller>, it will enter the symbolic name
"Target ! Entry_Mame" in the symbolic name table for <^Caller>.
(The symbolic name table of <Caller> contains the symbolic
names of external references and data associated with each
entry point found in <Caller>. Additionally, the symbolic
name table exists at run time.) The object code produced for
the external reference to <Target ! Entry_Name> (as found in
<Caller>) consist cf a procedure call to a virtual address
in <Caller>'s linkage table . (This virtual address is
constructed at run time using a base register, called the
linkage pointer, and some offset into Caller. link generated
by the translator.) The virtual address called is an entry
in Caller. link set aside for <Target ! Entry_Name> and will be
referred to as an outgoing link. Tne outgoing link has teen
initialized to invoke the linker and pass to the linker the
offset (in Caller. sym) of the symbolic r.ame
"Target iEntry_Name" . The linker uses this offset alone with
The symbolic name table of an object will be called
object. sym, while object. link will refer to an object's
linkage table. Thus <^Caller>'s symbolic name table ani




the virtual address of tne base of Caller, sym (wnich is
stored in Caller. link) to access the symbolic name of the
external reference. Once located, the linker will pass the
symbolic name "Target" to the address space manager.
Tne address space manager first determines if an entry
for <Target> already exist in the process reference table.
If not, the address space manager will locate the object
<Tar£>et> and have it assigned a segment number in the
address space of tne executing process. It will also make an
entry for <Target> in the process reference table and return
to the linker the segment number of <Target>. (It is at this
point that <Target> is 'known' to tne executing process.)
The linker now knows the segment number of <Target> and
must create a linkage table for <?arget v> (if ore has not
already been constructed by an external reference to
<Target> within anotner subroutine). A template accessable
to the linker nas been constructed by the translator for
this purpose and is appended (after minor computations) to
the end of the combined linkage table fas Targe t . link)
.
(The building of a linkage table for <Target> allows it to
engage in dynamic linking.) Additionally, the starting
address of Target. link is entered in a data structure kno*n
The combined linkage table contains the linage tables
of each object in a process. (Note that it is not necessary
to utilize a combined linkage table in an implem? ta t ion






as tne Linkage Address Table, making it available for future
linking evaluations. (The limeade address table of a process
can be considered an array containing the base address of
each object's linkage table and is subscripted by the
object's segment number.)
A complete virtual address for ^Target i Entry_Name> car
be constructed by searching Target. sym for "?ntry_Name" to
discover the entry point (offset) and incoming- link offset
associated with "Entry_Name" . (An incoming link is a section
of an object's linsas-e table set aside to allow the




The linker will now alter the outgoing link (in
Caller. link) to jump to the incoming link (found in
Target . link) . The linker tnen constructs the incoming link
to jump to the virtual address of <Target i Entry_Name> after
setting the linkage pointer to point to Target. link. (Tne
linkage pointer is a global pointer, e.g. hardware register,
which always points to the currently executing subroutine's
linkage table. Thus before execution in ^Target> can
commence, the linkage pointer must be set to point to
Target. link, ""he reason for this will be discussed later.)
After the outgoing and incoming links ane executed, tne
process will be executing in <Tar )?et>.
When <Tar^et> has finisned it will execute a return
23

instruction. Recall that the only procedure call in the
linkage sequence was <Caller^'s call to the outgoing link
(in Caller. link) ensuring a return to <Caller> after the
completion of ^Tar^et>. The final step is to reset the
linkage pointer to the virtual (base) address of
Caller. link. (This is done ty the translated external
reference in <Caller>.)
The steps followed for linking external data would be
similar except data is not executed. Therefore, the outgoing
link need not "invoke" the data (via the incoming link) but
instead must allow <Caller> to reference the data. If
indirect addressing is available, the outgoing link can be a
storage location for the virtual address of the external
data and can be referenced via an indirect addressing
instruction. (Note that on the first reference, this
indirect addressing instruction must be able to invoke tne
linker in some fashion. In Multics. this is done ty
generating a fault which invokes the linger as the fault
handler.) If indirect addressing is not available (or cannot
be used to invoke the linker on first reference to the
data), the outgoing link can contain executable instructions
which load some pointer with tne virtual address of the data
and then return the execution point to "CCaller^.
24

B. A SYNOPSIS 01 TEE WALKTHROUGH
To provide the reader witn an abreviated review of tne
steps to snap a link, tne following synopsis is provided.
Additionally, figure 1 is annotated with the number of each
"step" to provide added clarity. When tne executing
procedure (i.e., <Caller>) encounters a translated external
refe-rence to <Tar/?et ' Entry_Name> for the first time, the
following sequence of events transpires:
Step 1 - The execution point is transferred to the
outgoing link (in Caller. link)
.
Step 2 - The linker is invoked by the initialized
outgoing link. The linker is passed the offset cf
<Target
,
Entry__Name>'s entry in Caller. sym as an
argument
.
Step 3 - The linker references Caller. sym and extracts
the symbolic name "Target j En try_Name" and the offset (in
Caller. link) of the (appropriate) outgoing link for
<Target ! Entry_Name>.
Step 4 - The linker invokes the address space manager
witn the argument "Target".
Step 5 - The address space manager enters <Tar?"et> in
the process address space (if necessarv) and returns to
the linker the segment number of <TTarget>.
Step 6 - The linker builds a linkage table for <Target>
(not shown).
Step 7 - The linker searches Target. sym for "Entry_Name"
and extracts the offset of the incoming link (for
Entry_Name^ in Target. link, and the ent ry_poir. t
associated with Ent ry_Name
.
Step 8 - The linker computes the virtual address in
<Target> associated with <Target ! En try_Nane> and the
virtual address of Entry_^ame's Incoming link.
25

Step 9 - The linker establishes the link by entering a
jump to the incoming link in the outgoing link (in
Caller, link) ; and "by loading the incoming link (in
Target .1 ink) with an instruction which loads the linkage
pointer with the address of Target. link and a jump to
the entry_point in <Target>.




Figures 2 and 3 are included to show the execution
sequence of a snapped link for procedures and data
respectively. It is noted that a link that has already "been
established does not require the invocation of the linker




























































IV. THE SPECIFICS 0? DYNAMIC LINKING
A. JUNCTIONS 01 A LINKER
Dynamic linking centers around the ability to alter
n
impure code (linkage tables ' ) during run time. It is this
feature which allows invocation of the linker on the first
reference (to an object) and yet permits subsequent
references to the same object to access tnat object directly
(i.e., without invocation of the linker). Establishing, or
snapping [11], a link does not represent all the functions
desirable in a linker. Linkage tables must be constructed on
the first reference (within a process) to an object, and
system limitations may subsequently force the removal, or
unlinking, of an object from a process address space.
1 . Snapping a Link
a. Procedure Links
When snapping a link between procedures, the
linker will initially be passed the offset (in Caller. sym)
of (the entry for) the symbolic name "Target I Entry_Name"
.
The linker can find Caller. sym via a pointer stored in
Caller. link. (Pecall tnat the linkage pointer always
indicates the executing procedure's linkage table ensuring
the linker can locate Caller. link. ) New the linker knows the
7
It should be noted that linkage tables avoid the
undesirable effects normally associated with impure ccd<= by
being serially reusable and a per process entity (i.e.. one
linkage table per process for each object).
30

symbolic name of the object to be linked, but it rust
determine a virtual address within the object to be
referenced.
In order to make <Target 1 5!ntry_Name>
addressable, the linker must determine tne segment number
associated with <Target>, and the entry_poir.t associated
with Entry_Name. To determine the segment number of
<Target>, the linker will invoke the address suace manager
passing the symbolic name "Target" as an argument. The
address space manager will enter <Target> in the process
address space (if it is not already) and return <Target>'s
segment number to the linger Obtaining the segment number is
trivial since the address space manager will return this
information to the linker when passed the symbolic name
"Target".
Finding the entry_point associated with
Entry_Name requires access to Target. sym. As will be
discussed, a second function of the linker is to construct a
linkage table for <Target> (if one does not already exist as
a result of some previous reference to <'Target>). After
Target. link has been constructed, to find Target. sym, the
segment number of ^TargeO is first used to access (in tne
linkage address table) the virtual address of Target. link.
(Recall that the linkage address table is an array of
pointers to the linkage table of eacn object in a process
31

address spacp. ) A pointer is found In Target. link to
Target .sym
.
It is proposed that, in an environment allowing
multiple entry points into an object, eacn distinct entry
name into an object be stored in the object's symbolic name
table. In addition, the entry point (viz., the offset into
the object) and the offset (in object .link) of the incoming
link associated with each entry point will also be stored in
object. sym. Thus, by searching Target. sym with the argument
"Entry_Name" f the linker can compute the entry_point and
incoming* link address necessary to snap a link to
<Target |Sn try_Name>.
The first step in the actual snapping- of the
link is to alter the outgoing link (in Caller. link) from a
jump to the linker to a jump to the incoming- link (in
Target. link) . The address jumped to is fcrmed by combining
the seg-ment number of Target. link (which is found in tne
linkage address table) with the offset (as stored in
Target. sym) of the incoming link.
The second step is the building of the incoming
link. The incoming link consist of two Instructions, The
first loads tne linkage pointer (Lp) with the virtual
address of Target. link ensuring that the linkage pointer
always points to the currently executing procedure's linkage
table. This is necessary to allow a procedure's translated
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code (viz., object code segment) to reference an external
object while remaining pure. A reference to an external
object is achieved via the outgoing link; the virtual
address of the outgoing link is computable at run time by
adding a fixed (at translation time) offset to the linkage
pointer and allowing the linkage pointer to vary during
execution (see figure 4). Stated another way, it is the
linkage pointer which allows (pure) translated code to jump
to an entity (the outgoing link) which is not bound to a
virtual address until run time.
The second instruction in the incoming link is a
jump to the virtual address of <Target ! Entry_Name> fcf the
form <seement_number J entry_point>) . Note that the incoming
link may already exist in its snapped form as a result of
some previous reference to <Target i £ntry_Name v . To identify
this condition, the linker will first check a 'snapped link
bit' which is set if the incoming link is snapped. A snapped
link is shown in figure 5.
One may observe that the out^oin,? and incoming
links could be merged into one link consisting of a load
linkage pointer instruction followed by a jump to
<Target |Entry_Name>. This change eliminates incoming links
but effectively requires an 'incoming-type' link to te
constructed in each outgoing link referencing an object.





DECLARE <Target> PROCEDURE E*TE*NAL;
/* code */
BEGIN /* example */
CALL <Target !Entry_Name>»
END; /* of example */
OBJECT COTE
/* begin example */
CALL (Lp + offset of <Tar6*et |Entry_Name> 's outgoirs link)









Calle r. 1 ink
Target .li ck




construction of an 'incoming link' for eacn reference to a
procedure (vice just one incoming- link) and additionally
results in multiple load linkage pointer instructions.
(Note, however, that in either of these link formats,
subsequent references to <Target ! Entry_Name> do not result
in invocation of the linker.)
"b. Data Links
For external data, the steps to snap a link are
similar except the linker alters the outgoing link to an
instruction which loads a pointer (preferably a register)
with the virtual address of the external data, and a return
Q
instruction . (As will he shown, it is necessary for data
segments to have both linkage tables and symbolic name
tables. This permits the linker to use essentially one
algorithm to dynamically link both data and procedures.)
Thus any subsea.uent references to the external data
(<Data |Entry_Name>) initiated by <Caller> would result in
loading a pointer with the virtual address of
<Data |Entry_Name> followed by a return to 'Caller> and would
not result in additional linker calls.
As with procedures, it is desirable to reference
multiple, symbolically named locations (viz., entry points)
Q
As has been previously discussed, it is necessary to use
this form of outgoing link if the processor hardware cannot
support an indirect addressing instruction to invoke tne
linker (on first reference) and subsequently access the
virtual address of the external data.
36

in a data structure. This implies that <Cata> must undergo a
translation to identify entry names and entry points and
furthermore, must have a symbolic name table in which this
information is stored. It is also necessary, given tnis
condition, that <Data> have a simplified linkage table
consisting of a linkage table header. (The contents of a
linkage table header will be presented later.)
c. Construction of a list of Snapped Links
For each object in a process address space, it
may be desirable for the linker to construct a linked list
which contains a pointer to each snapped outgoing link
referencing that object. Tnis linked list is basically used
to provide a record of references to an object tc permit
unlinking an object from an address space. (Unlinking will
be discussed in more detail later.) A pointer to the start
of this linked list would be stored in the header of the
object's linkage table and new entries to the linked list
would be entered at the head of the list (when snapping an
outgoing link). Tne linked list could easily be implemented
by storing a list pointer in each snapped outgoing lint.
2. Building Linkage Tables
Before <1ar^et> can commence execution, it must have
a linkage table in wnich snapped links can be stored. This
allows <Tsr£et> to enpa^e in dynamic linking (if it is a
procedure). There pxist two circumstances under wnich tee
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linkage table rr:ust be "built. The first, and obvious,
situation is when an external object is dynamically linked
to a process. The second is when a program is initially
started executing (viz., during process initialization).
However the steps involved in these two cases do not. differ,
allowing the same module of the linker to be utilized in
"both instances.
To build a linkage table, the linker will access a
template for an external object (or program) that was
constructed during translation. The template is an exact
duplicate cf object. link with the exception of the symbolic
name table virtual address. The linker must therefore only
add the segment number of <Target> to the symbolic name
table offset as found in the template to obtain a complete
virtual address (for Target. sym). (This approach assumes
Target. sym is a part of the translated code of <"Target>.)
The remainder of the template is then appended to tne
9
combined linkage table . An example cf an initialized
linkage table (and thus a template) is given in figure 6.
There are two problems related to the implementation
of this linker function wnich require discussion. The first
It is not necessary for an implementation to include the
combined linkage table since individual linkage tables ^an
be assigned unique segment numbers. In fact, in a
multidomain environment [6] , it is desired to assign linkage
tables to separate segments since this permits the dynamic
linker to be domain independent (in accordance v*itr the
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PUSH sym. name tbl offset
JUMP 'LINKER
PUSE sym. name tbl offset
"jump'linker









question involves where the template is located in a process
address space. On? does not, in general, want the template
to be a part of the object code since this will result in an
entity (the template^ which is used only once becoming1 an
extraneous part of a process. (Note that system limitations
may force this shortcoming on an implementation . ) A solution
in a non-segmented system is to make the template a separate
file. (One may not wish to do this in a segmented system if
the number of segments represents a limited asset and a file
corresponds to a segment since this would require assigning
the template its own segment number.) However, in a demand
paging environment, the template can be a part of the object
code since it will only reside in memory when required and
will then be 'pased' out. Because it will never again be





This leads to the second protlem of ensuring tne
linker can find tne template when it is a ^art of tne object
code. There are several solutions to this, tne most simple
of which is to place a pointer to the template at some in own
location in the object code. Another solution would entail
making the template a separate file. Thus when building a
linkage table, the template is Drought into a process
address space, copied into tne combined 'linkage table, and
then deleted from tne process address space.
3. Unsnapping Objects
It may he necessary to remove an object from the
address space of a program. This situation may occur, for
example, when using the ZSe5£0 processor [12] with one memory
management unit (MMU). Since this hardware configuration
allows a maximum of 64 segments (some of which will be
allocated to the operating system), it is entirely possible
that a process may require in excess of the maximum number
of available segments. It is desirable then to be able to
remove an object from the process address space and unsnap
all outgoing links referring to that object.
The unsnapping of an outgoing link is a simple
procedure. The snapped outgoing link is merely replacec by
an entry equivalent to tne original, unsr.apped outgoing
link. More specifically, tnis unsnapped link consist of code
to pass the linker the offset of the external object's
M

symbolic name in object. sym followed by the invocation of
the linker. (For simplicity, it will be assumed that the
linker is invoked via a jump instruction.) This implies that
a portion of each snapped link must be set asic"e to store
the offset of the symbolic name for use during
unlinking
The first step in the unlinking process occurs when
the address space manager, after being requested by the
linker to add an object to a process address space, returns
a message to tne linker indicating no segment numbers are
available (if this is the case). The linker would then cause
a segment to be deallocated. v
If desired, the object's linkage table
( ob ject .link) , can be deleted from the combined linkage
table by performing a compaction on the combined linkage
table. (Note that compaction is not necessary since, aside
from resulting in unused memory in the combined linkage
table, if the deleted segment is reentered in the process
address space, a new linkage table will be built and
appended to the combined linkage table.) If a compaction is
Note that all information necessary tc reset the link
(thus deleting the requirement to store tne offset in tne
linkage table) is available in tne combined linkage table,
the subroutine offset table and the template. However, the
steps necessary to extract this data are rather involved and
the" alternative of savins the offset within a snapped link




done, the deleted linkage table contains threads ir. the
linked list of other segments, which must te removed without
destroying the linked list they were a part of. Ore solution
to this problem is to implement a doubly linked or circular
linked list (by having the last entry of the list point tc
the linkage address table instead of being set to nil). Now,
prior to removing object. link, the linker could find and
adjust each thread (of a linked list) with a node i'n
object. link ensuring the integrity of other segments' linked
list .
Compaction presents two other pro'blerrs . First, when
object. link is removed, other subroutines' linkage tables
may be relocated within the combined linkage table thus
receiving new virtual addresses. This requires that the
linkage address table values for those linkage tables alone1
with linked list threads pointing in tc them to be adjusted
accordingly. The correction must be dene prior to actually
compacting (because linked list threads in the deleted
linka?e table will be lest during comoaction ^ and requires
tnat addresses in the combined linkage table 'i.e.,
subroutine offset table, linked list, and snapped link
addresses) be corrected by the size of the removed linkage
table. A secona problem relates to snapped outgoing links
which jump to incoming linrcs in relocated linkage. These
must also be a'djusted by the size of object. link. Note that
^3

a subroutine's linked list identifies each outgoing link
that jumps into its linkage table. Therefore, every
procedure segment whose linkage address table value requires
correcting must have each entry in its linked list updated.
When unsnapping, the linked list (constructed fcy the
linker) is traversed and each entry in the list is
reinitialized. Note that unlinking affects many subroutine
linkage tables yet the linkage pointer still points to
object. link for the subroutine which originally invoked the
linker. This implies that linked list pointers must either
be complete virtual addresses or relative to the start of
the combined linkage table (i.e., they cannot be relative to
the linkage pointer.)
An alternative to a linked list implementation is to
have the linker search the combined linkage table for all
snapped outgoing links referencing the deleted segment and
reset each one found. (This is a less general solution since
it requires the linker to know the format of all possible
linkage table entries in order to identify those which must
be reset.) Once all linkage table entries have teen
reinitialized, the object's linkage address table entry is
set to nil, and the object and its linkage table (if
desired) are removed from tne process address space.
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B. OPERATING SYSTEM SUPFCRT
1 . Tne Address Space Manager
As has been noted, before a link to an object can be
snapped, the object must first be entered in the address
space of a process. A request to enter an object (i.e., make
it known) is forwarded from the linker to the address space
manager. The address space manager will be passed the
symbolic name of the object that is to be made accessable
and will first search each entry in the process reference
table to determine if an entry already exist for the object.
If so, it will return to tne linker tne segment number of
the object.
If the object is not accessable, the address space
manager must first call on File Management to locate the
object. After the object is located. Memory Management is
invoked to assign a segment number to tne object . If
Memory Management were to indicate that it had no segment
numbers left, to assign, th° address space manager would
return to the linker a message to this effect.
~ It is realized that this represents a very va^-ue
description of how an object is located and assigned a
segment number. However, since the exact steps involved are
highly dependent on the operating environment and are
fundamental to most multiprogramming systems, it is felt
that adequate information exist elsewhere to allow
implementation of these functions without discussing them In
this thesis. Note that the file system in use may be
extremely sophisticated as in Multics [11], or represent a




2. The Process Peference Table
The process reference table contains an entry for
each object in the address space of a process. The format
for an entry (figure 7) includes the symbolic name of the
object alonp* with the segment number of the object. A third
item which may be found in the process reference table is a
removal status reflecting the priority of an object for
removal when unlinking.
Note that unlike a symbolic name table entry, the
symbolic name found in the process reference table does not
include entry names. For example, a process may contain
external references to <Tar fe et ! £ntry_Name_l> and
<Tar^et ! Entry_Name_2> , but the process reference table would
only contain one entry for <Target>.
! symbolic : segment : removal
! name : number : priority
Figure 7 - Process Reference Table Entry
3. Object Deletion from a Process Address Fpace
In conjunction with tne linger, a module of the
operating system must exist to delete an object from the
address space of a process. When invoked by the linker, this
module would use some policy, such as least recently used or
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first-iii, first-out, to select on object for removal. The
module would notify Memory Management that the object's
segment number is no longer in use and reset the object's
entry in the process reference tatle to nil. The module
would then inform the linker of the segment number of the
deleted object. The linker can now unsnap links to the
object .
It is useful to point out policy considerations for
selecting an object for removal. To begin, note that each
time a link is snapped to an object, the address space
manager is called to look up the segment number of the
referenced object. It may, therefore, te advantageous to
keep track of the number of links to an object to avoid
removal of a segment which is referenced many tines. (One
should not, however, strictly delete the object referenced
the least number of times since this may well be the last
object entered in the address space and, applying the
principal of locality, be subject to further use in the rear
future. )
Another important item to be considered before
selecting a subroutine for removal is whether it will
eventually be returned to by the currently executing
procedure (i.e., it has a current activation record^. As an
example, say procedure A called procedure E which called
procedure C. But before C could be linked an unlinking
^7

evolution was required. Certainly one would rot want to
remove A or B to make virtual memory available for C since
these two procedures would be returned to when C completed
executing and the linking process has only been defined
during a procedure call. Thus, if A or B were unlinked, C
would return to a non-existant module which it could not
link to or access (since A or E would no longer he in the
process address space.)
If the information necessary to determine whether a
procedure has a current activation record is not readily
available, there is an easily implementable mechanism for
determining this. A counter can he assigned to each
procedure (in a process address spaced that would he
incremented or decremented as the procedure is invoked or
completes execution. Thus, a procedure whose counter i? zero
has no current activation records and is available for
removal. The counter could be updated by code in the snapped
link and could be located in a procedure's linkagp table or
linkage address table entry. Tnis implies that the linker
must be involved in the selection of an object for removal.
4. Frocess Initialization
Process initialization involves those functions
which must be carried out fcy the operating system prior to
commencement of program execution. A brief review of these
functions is offered at this time with a more detailed
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discussion available in work by Janson [7, 8j
.
Before a process can commence execution of a
program, the program's linkage table (program . lir.k ) and
linkage address table must be allocated a section of the
process address space and both tables must be initialized
(or built from a template in the case of program .link ) .
Additionally the linkage pointer must be set to point to
program. link. The operating system must initialize the
process reference table with the applicable data for the
program to be executed. Once this is accomplished, '-alls by
<program> can be dynamically linked.
C. TRANSLATOR SUPPORT
The process cf dynamic linking is only practical if the
translator, whether a compiler or assembler, has been
designed to support dynamic linking. In a (translator)
supported system, the translator must be able to identify
external references, build the symbolic name table and
linkage table template, and identify entry points and entry
names. A translator will be assumed to produce relocatable
object code allowing dynamic relocation of object code
segments
—
either by relocation hardware or software.
Together, the translator and the linker must meet two
requirements. First, the object code must remain pure (?urin§
the linking process to allow use cf shared procedure
segments in a multiprogramming environment (i.e., the pure
^9

object code criterion of Table 1). In addition, trie code
produced by the translator along with trie steps followed in
the linking process must not limit features of the source
language (i.e., tne syntactic compatability criterion).
1 . External References
A translator must be able to identify external
references and convert them into object code which will
result in a call to tne outgoing link (figure 4). The call
produced by the translator is to an address which can te
expressed as the value of the linkage pointer plus some
offset. Since the translator constructs the linkage table
template, it knows the relative offset for a symbolic name's
outgoing? link in the linkage table. As nas been noted,
because the linkage pointer identifies the beginning of the
executing procedure's linkage table, the object code for an
external reference can be designed to call the outgoing link
desired. (The use of the linkage pointer ensures the purity
of a procedure's translated code.)
2. Symbolic Name Tables and Templates
The translator builds both the symbolic name table
and the linkage tatle template. This should not present any
major problem for the translator since all information
required to construct these two items is, in general, either
easily computable or found in the translator's symbol tab!-.
Because the translator builds both, it is not necessary for
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entries in either to be of uniform size. The translator, fcr
example, knows the offset (i.e., starting location) of a
symbolic name table entry. Tnerefore, when the translator
constructs the linkage table template, each outgoing link
can be' initialized to pass this offset to the linker (on
first reference of an object.)
Notice that a one-tc-one correspondence exist
between entries in the linkage table body and the symbolic
name table. Thus, if the symbolic name table is constructed
first, the construction of the template becomes trivial.
After the header of the template is built, the symbolic name
table is scanned and an outgoing or incoming link is
initialized within the template (depending on the type of
symbolic name encountered). After each template entry is
constructed, the offset of the link from the start of the
template can be stored into its respective entry in
object .sym.
3. Entry _Names and Entry_Points
The translator should be able to recognize both
entry names and tneir associated entry fcirts an J make
appropriate linkage table and symbolic name table entries
accordingly. The inclusion of entry points in the
implementation of a dynamic linker is hip^ly desirable,
particularly in a system with a limited virtual memory size.
In this environment the number of unlinking evolutions nay
51

be significantly reduced by using entry points to combine
snail data or procedure objects into larger ones without
12losing the smaller object's addressability
12
This process is known as binding in Multics [11]
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L. DYNAMIC LINKING TA312S
The following is a discussion of the various tables
associated witn a dynamic linger. The formats presented do
not represent the only structures possible? however, they
contain all information necessary for dynamic linlcinf.
1. The Symbolic Name Table
An entry in the symbolic name table (figure 8) in
addition to the symbolic name includes two ether items. The
first is a descriptor consisting of a type bit to identify
the object as procedure or data; an identity bit to classify
the symbolic name as an external reference verses entry
name? and a size field to pass to the linger the number cf
characters in the symbolic name.







entry name j lengtn of tne
indicator ! symbolic name
Figure 6 - Symbolic Kame Table Entry.
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A second iter to be included is the offset of a
symbolic name's entry in the subroutine's linkage table. Jot
external references, the inclusion of the offset in a
symbolic name table entry is not necessary; however, its
inclusion does remove the requirement for the linker to save
this information when it (the linker) is invoked by an
outgoing link. However, for an access 'entry point) into an
object, the offset (of the incoming link) must be included
in the symbolic name table to ensure the linker knows where,
within object. link, to construct the incoming lirk. Tne
third item found in the symbolic name table is the entry
point (offset) associated with eacn entry name declared
within an object. (The entry point is used to construct a
virtual address of the form <segment_number \ entry_pcir. t>.
This virtual address is used in the incoming link to invoke
the called external procedure.)
It may be desirable to separate the symbolic name
table into two sections consisting of external references
and entry points. Assuming the entry points follow the
external references, a pointer to the beginning of the °ritry
points should be stored at the beginning of the tatle to
allow the dynamic lirker to jump directly to tne entry point
section when required. This feature would permit faster
access for botn since each would b° stored in a snaller data
structure. If this table organization is used it would not
^

te necessary to include an identity bit in the descriptor of
an entry. (Note that the symbolic name table is sear~h<=d for
entry points only, since external references are accesses
directly via the outgoing link.)
It is natural to ask where the symbolic name table
of an object is located within a process. It is suggested
that for procedures, tne symbolic name table be appended to
the end of a procedure's object code. This will require only
one copy of the symbolic name table (which represents a pure
data structure) in a shared, multiprogramming environment.
However, for external data, the symbolic name table cannot
be located at the end of the data since it will limit the
ability of the data structure to grow dynamically. A better
solution would be to merge the data.sym with data. link and
store the two in the combined linkage table. This format
allows the data to be based at offset zero and grow
dynamically. (The general form of a data symbolic
name/linkage table is given in figure 9.)
2. The linkage Table
a. The Initialized Linkage Table
The initialized linkage table is shown in figure
6. The header of the linkage table contains tnree items. The
first is the size of the linkage table. This item tells the
linker the size of the template wnen building an object's
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linkage table addresses wnen removing a linkage table (dur-
ing unlinking). (F.ecall tnat linked list threads, linkage
address table entries, and jumps within the linkage table
must be adjusted by the size of a removed linkage table dur-
ing compaction of the combined linkage table.) The second
and third items found in the header consist of the virtual
address of the symbolic name table and a pointer to the head
(i.e., a snapped outgoing link to the object) of the linked
list used in unlinking.
Each outgoing link in the body of the linkage
table template is initialized to two instructions. The finst
instruction passes the entry's offset in the symbolic name
table to the linker (as an argument). The second is an
instruction which results in the invocation of the linker,
logically, the two instructions found in the initialized
outgoing link equate to:
CALL Linker ( symbolic_name_table_of f se t
)
The designer can chose frorr three basic
mechanisms that may be used to invoke the linker. First, if
the translator knows the virtual address of the linker (such
as a fixed or reserved segment number), then the outgoing
links in a template can be tailored to invoke the linker
directly (e.g., JUMP virtual address of <Linker>). The
second method is to invoke the linker by a hardware fault
which will result in the linker being called as the fault
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handler. The translator would therefore, initialize each
outgoing link to push the offset of the symbolic name on the
machine stack and then induce a hardware fault. The third
mechanism is for the linker to enter its own virtual address
in each outgoing link as it builds a procedure's linkage
table. (This represents the least desirable technique since
it requires the linker to know the format of the body of a
template and furthermore is much slower since the template
must be scanned as the linkage table is built.)
b. Format of Snapped Links
A format for snapped outgoing links to external
data and procedures are shown in figure 10. The snapped out-
going link for a procedure consist of a jump to the incoming
link in the called procedure's link for an external proce-
dure's linkage table. The snapped incoming link leads the
linkage pointer with the virtual address of the called
procedure's linkage tahle (viz., Target .link) , and then
jumps to the called procedure (as defined by some entry
point). For external data, the snapped out^oin^ link consist
of an instruction which loads a register with the virtual
address of the data followed by a return instruction.
(Recall that this technique is used when tne available hard-
ware does not support an indirect addressing approach.^
^he two items common to both entries (as sr.owr.





LOAD ptr, address of data
RETURN
offset {linked list pointer
Procedure
Entry
'UN? to virtual address
offset i linked list pointer




information to be used during unlinking. The offset (of the
symbolic name table entry corresponding to the outgoing
link) is used when resetting the entry to its initialized
form while the linked list pointer allows the unlinker to
find each entry in the combined linkage table which
references the object being removed.
3. The linkage Address Table
^o facilitate each access to a subroutine's linkage
table within the combined linkage table, the linkage address
table is used. Entries are subscripted by segment number and
contain the offset of an object's linkage table within the
combined linkage table. (Note that if linkage tables were
allocated individual segments, vice a portion of the
combined linkage table, the linkage address table would
contain the virtual address of an object's linkage table.)
The problem arises as to where in a process address
space the linkage address table should be located. Cne would
like to avoid allocating the linkage address table its own
segment and pointer register since these resources within a
microprocessor are usually limited. Assuming the linkage
address table is initialized at process creation and is a
fixed length, a possible solution is to place it at the head
of the combined linkage table. If this approach is used, the
table's base address would be the segment number of the
linkage table (which is stored in the linkage pointer) with
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an offset of zero.
F. IMPLEMENTATION OF ENT?.Y_NAMES ANT ENTRY_?CI NTS
To avoid confusion, some of the fine points related to
the implementation of entry names and entry points will te
discussed at this time. '
First, if an object has multiple entry points declared
within it, each entry point must have a unique entry in
object. sym and a unique incoming link in object. link. This
is logical since each entry point defines a distinct
location in an object. Secondly, if a procedure contains
external references to several entry points within the same
object, each unique reference must have its owr entry within
the procedure's symbolic name table and its own outgoing"
link. (For example, ^Target ' Entry_Name_l> and
<Tar,eet ! Entry_Name_2> represent distinct references.)
Notice that the start of an object represents an
(frequently implied) entry point which must be included in
the object's symbolic name table and have an incoming link.
However, one would like not to explicitly include such an
'entry point' (e.£. <Target ! Target> ) in an external
reference. Therefore, it is su^ested that an implementation




V. LINKING WITHOUT TRANSLATOR SUPPORT
In all probability, the initial implementation of a
dynamic linker will not enjoy the translator support which
has previously been assured to exist. Yet, within reasonable
limitations, one would like to be atle to utilizing the
features of dynamic linking in an unsupported J
environment. Furthermore, it is desirable to be able to use
one dynamic li nicer for both supported and unsupported
procedures, to be able to execute both supported and
unsupported modules within a process, and to be able to rail
an external procedure from a supported module without having
to specifically declare the procedure to be supported or
unsupported. (This implies the linker must be abl<=> to
differentiate supported procedures from unsupported ones.)
An implementation is proposed which achieves these goal.
A. THE INTERFACE tfOHJLES
In an unsupported subroutine, the linker should be
invoked via a data or procedure interface module. Two
separate modules are sup-prested since, besides the fact that
their functions differ, the data interface module must
return the virtual address of the external data to the point
* For the purposes of this thesis, 'supported' will be
used when referring to an environment in which the
translator supports dynamic linking while 'unsupported' will
be used to reference environments which lack this feature.
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of call while the procedure interface module merely executes
Ik
the snapped link . Conceptually, an interface module
carries out those functions which, in a supported system,
require some translator support. These functions include
building the symbolic name table and the linkage table,
invoking the linker, and executing a snapped link.
1 . Linking of Procedures
To "best describe the functions of the procedure
interface module, the steps to dynamically link the
unsupported procedure <Tar,?et> to the unsupported procedure
<Caller> will be traced (figure 11). It will be assumed that
the procedure interface module is called as follows:
CALL LINKsPROC(Target, parameter_l, parameter_2, . . . )
The first function that <I I.MK$ PP.CO would perform
would be to save the value of the interface linkage pointer
on a software stack. Because a translator which does not
support dynamic linking would not know that the linkage
pointer register is not available for general use, in all
probability object code produced would utilize the linkage
pointer register requiring an interface linkage pointer be
established and saved in software. (In a supported system
14
This requires that two interface modules fone for
procedures and one for data) be implemented due to the fact
that most higher level languages ^.ave a different syntax for
procedures which return arguments to the point of ^all
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saving the linkage pointer register is accomplished by the
translated code. ) This implies that there are two linkage
pointers (viz., a hardware linkage pointer and an interface
linkage pointer), and both must be initialized to point to
the "beginning of the linkage table for <program> at process
initialization. It should be noted that the last instruction
of <LINKsPROC> must reset the interface linkage pointer by
poping the saved value off a software stack prior to
returning to <Caller>.
<LINK$?R0C> will then check to see if an entry for
<Target> exist in Caller. sym. If not, <LI.NEsFROC> will enter
<Target> in Caller. sym along with the offset of tne outgoing
link for <?arget> in Caller. link. <LINX$PRCC> is able to
enter this offset because it has constructed an outgoing
link for <Target> in the next free location in Caller. link.
(The outgoing link for <Target> is of the same format found
in a supported system linkage table.) This outgoing link is
executed and the linker is invoked. (These steps ensure the
use of tne same linker for both supported and unsupported
linking since the method of linker invocation does not
change.
)
It should be pointed out that had an entry for
<Tar^et> already existed, then <Target> would have already
been linked to <Caller> and <LINi:sPROC> would only have to
execute the snapped link (which it can find since the offset
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of the snapped incoming link in Caller. link is saved in
Caller. s ym
.
Once the linker is called, it will first determine
if <Tar,?et> is a supported or unsupported procedure. The
actual mechanism used to perform this check will vary
depending on the operating system. One means of performing
this check is to tag modules within the file system. An
alternative would be tc, tailor the first byte of a supported
module to identify it as such. (One must ensure when using
this method that an unsupported module cannot have the same
hit pattern for its first byte.) In this thesis it will he
assumed that the linker can query tne file system to
determine whether a module (external object) is supported or
not. The ability of the linker to accomplish this check
allows an external reference within a supported subroutine
to have the same format regardless of whether the external
object referenced is supported or not. This prevents having
to modify and retranslate modules when an unsupported object
is retranslated in a supported environment.
When the linker determines tnat <7cr^Ft) is
unsupported, it will call on a routine in <LINKSPRGC" to
allocate a section of the combined linkage tabl<= tn be used
as Target. sym and Target. link. This implies that the next
free location in the combined linkage taole must be
available to <LINKs?E0C> in addition to the linker 'for
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constructing linka6 e tables since <LINK$?R0C> must build tne
linkage table for an unsupported subroutine. Target. sym can
be located within Target. link Ivice Target's object code)
since tne linker finds Target. sym via a pointer in
Target. link (figure 12). Additionally, <LIMK$FR0C> will
construct <Target>'s linkage address table entry and will
initialize the header of Target .link.
The linker needs to know whether <"Target> is
supported or not for one other important reason. Erecution
of <Target> is initiated via a jump from <Caller> .link: to an
incoming link in target .link. The incoming link normally
consist of an instruction to set the linkage pointer
register to point to Target. link followed by a jump to
<Target>. However, if <Target> is unsupported, it is the
interface linkage pointer vice the linkage pointer register
which must be set requiring the linker be able to
distinguish between supported and unsupported external
procedures and snap incoming links accordingly. Thus tne
unsupported incoming link will be of the form:
Interface Linkage pointer = Base address cf Target. link
Jump to <Target>
Note that ^LINK5?P0C> is passed net only tne
symbolic name "Target", but also all of vTar?et v 's
parameters. This implies that <IINK$PROC> must be aMe to
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conventions of the translator which compiled <Tar£et>.
2. Linking of Tata
The sequence of events to link (the unsupported
object) <Iata> to <Caller> would he quite similar to those
linking <Target>. Assuming <Da ta> had not yet teen
referenced "by the executing process, the interface module
<LINKaDATA> would build an outgoing link for <Data> in
Caller. link and enter the symbolic name "rata" in Caller. sym
(as <IIKKSPH0C> does for <Tar?et>).
The linker would then he invoked and, upon
determining <Data> to he unsupported, would call
<LINK$BATA>. <LINK$BATA> would construct a linkage table for
<Data>? however, the construction of Data. link would he
trivial since it consist of only a linked list pointer and a
linkage table size^entry (figure 6). As will be discussed,
unsupported objects cannot have multiple entry points;
therefore. <Data> does not require a symbolic name table.
Following the construction of Data. link, the linker would
snap the link between <Eata> and ^Caller^. The snapped link
in this situation would differ somewhat in that once
snapped, the link will be used bv <LINK$DATA^ to obtain the
virtual address of <Data>. <1INK$DATA> completes the
reference to <Data> by returning <Lata>'s virtual address to
(the point of call) in <Caller>.
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3. LIMITATIONS OF UNSUPPORTED LINIING
There are four major disadvantages when linking1 in an
unsupported environment. Three of these represent violations
of design criteria (as specified in Table 1) while the
fourth, the inability to implement multiple entry points, is
considered a limitation in the flexibility associated with a
dynamic linking environment.
The first disadvantage is that unsupported linking
results in excessive overhead for subsequent references to
an external object, as required by the limited overhead
criterion. This is a direct result of the fact that the
interface module must be invoked for each external reference
to perform those bookkeeping functions (such as manipulating-
the interface linkage pointer) which in a supported
environment are performed by the translated external
reference and the snapped link.
A second disadvantage is that an external procedure must
be linked before it can be passed to a subroutine as a
parameter. This contradicts the delayed binding criterion.
Furthermore, to pass an external procedure as a parameter
reauires a tbird interface module. A third interface module
is called for since <LINK$F?.0C> can only link and irvoke
external procedures whereas to pass a procedure as a
parameter, it is necessary to have access to the procedure's
virtual address. (In the case of an external procedure, it
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is sufficient to pass the virtual address of the procedure's
oute-oin^ link vice the virtual address of the external
procedure itself.) Therefore, the third interface module
will snap the link: (in violation of the delayed binding
criterion) and return the virtual address of the external
procedure's outgoing link to the point of call.
The third disadvantage involves a violation of the
syntactic compatability criterion for external data. Note
that the utilization of external data is limited to a (PL/1
or PL/^) based variable structure since <IINZ$EATA> can only
return the virtual address (of the external data> tc the
point of call
.
The final disadvantage is that multiple entry points
cannot "be implemented in an unsupported object. 5inre the
(translator constructed) symbolic name table is necessary tc
retain the entry name and entry poirt associated with an
access into an object, an unsupported object can only be
referenced at its conventional starting location.
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VI. EARITVAR5 TO ENHANCE DYNAMIC LUTING
Even though care has been taken to develop a dynamic
linker which is not dependent on the availability of certain
hardware features, there are hardware capabilities which are
desirable in a dynamic linking environment. In general,
these features can be divided into two general categories:
those which effect the design of the linker; and these which
impact on system performance.
It is emphasized that the following discussion is
presented with the idea that, if one is going to include
dynamic linking in a system and nas a choice of processors,
one should look for certain hardware features which are
desirable in a dynamic linking environment. This section
should not be viewed as a list of hardware support necessary
for the feasible implementation of a dynamic linker.
A. HARDWARE FEATURES AFFECTING LINK EH ASSIGN
All the hardware features discussed in this section
dictate in some manner how certain functions of a dynamic
linker must be implemented. However, the first two features
discussed (viz., indirect addressing and a hardware fault on
indirection) are necessary to allow a linker to fully neet
the design criteria of Table 1.
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1. Hardware Indi rection and Faults en Indirection
For the most part, it has teen assumed the linker
was invoked (on the first reference of an object; via the
initialized code of the outgoing link. However, the most
desirable method of linker invocation requires t^e processor
to provide two hardware features: (1) The ability to
reference data and call procedures using indirect addressing-
through memory; and (2) the ability to generate a hardware
fault during indirection.
When a hardware fault on indirection is available,
references to external objects are achieved via indirect
addressing instructions where the final 'target address' (in
the indirection sequence) is stored in the outgoing link of
the executing procedure's linkage table. The outgoing- link
is initialized to cause a fault' (on indirection) which
results in the invocation of the linker as the fault
nandler. The linker snaps the outgoing link by altering the
initialized fault-inducing code to either the virtual
address of the incoming link (for external procedure calls)
or the virtual address of the external data. (This
represents the method used in Multics [11].)
Without a fault on indirection, it is not apparent
how to pass external data as a parameter without first
snapping the link to the data. This represents a violation
of the delayed binding criterion (of Table 1) because the
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binding of a symbolic name to a virtual address has been
performed prior to first reference. (Note that even though
the external data is passed as a parameter, it may not
necessarily be referenced within the procedure. )
2. Other Features Influencing Linger Implementation
There are certain hardware features which do not
restrict the implementation of a dynamic linger, but do
effect certain aspects of the linker design. Two hardware
features which are considered advantageous in a dynamic
linking environment will be discussed.
The first feature relates to the number of segments
available in a process address space. More specifically. if
there are adequate segments (and each segment is cf
reasonable size), then it may not be necessary to frequently
execute the unlinking portion of a dynamic linker. (Note
that unlinking is still necessary because segments deleted
from an address space shcul* be unlinked.) This is
considered advantageous since unlinking is considered one of
the more expensive functions to execute. Note tnat if
unlinking is not implemented, segments can always be
conserved by combining smaller objects into a single sepirent
and referencing each object via an entry point.
One is free to judge how much of a limitation the
absence of these two hardware features presents. However,
the author does not consider it very prohibitive.
7^

The object code produced by the translator is
subject to the hardware features available. In a dynamic
linking environment, some hardware features tend to simplify
the object code produced for an external reference. For
example, if hardware registers are automatically saved by
the procedure CALL and RETURN conventions, then it is not
necessary for the object code (during an external procedure
call) to explicitly save and reset the linkage pointer.
possess an indirect addressing CAIL instruction but car. only
perform
B. HARDWARE FEATURES AFFECTING SYSTEM PERFORMANCE
There exist hardware capabilities which enharce system
performance in a dynamic linking environment. These
capabilities do not directly effect the design of the
linker; but, because of the requirements dynamic linking
places en the operating system (such as dynamic
relocatability of code), the inclusion of certain hardware
features serves to improve overall system performance.
In a dynamic linking environment, subroutines are not
bound to virtual addresses (in a process address space)
until run time. Therefore, they must reside en secondary
storage in a relocatable form and be dynamically relocated
during process execution. Thus, the more efficiently code
can be relocated, the better system performance (viz.,
execution speed) will be. This implies that hardware
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relocatability of code is desiratle.
A second hardware capability which enhances system
performance is hardware segmentation. Even though the linker
design is not dependent on the support of segmentation
hardware, many of the attributes associated with procedure
and data objects (which are logical entities, or segments),
are in fact intrinsic to segmentation. These attributes
include object (unique) identifiers (viz., segment numbers)
and object virtual addresses (viz., an object segment number
+ offset). It is therefore reasonable to conclude that




VII. A DEMONSTRATION OF DYNAMIC LINKING
In order to support the design concepts of tnis thesis,
and, in a sense, prove the feasibility of microcomputer
dynamic linking, a subset of the dynamic linker design (not
including unlinking) was implemented on an Intel £0£fc based
system. The p?80 microprocessor [13] was selected because of
its lack of hardware support, a fact which supported the
contention that the linker design is hardware independent.
The implementation consisted of five modules: (1) a
process initialization module, (2) the dynamic linker
module, (3) the address space manager, f4) a display linkage
table routine, and (5) a package of system library routines.
Three of these modules (process initialization, the dynamic
linker, and the address space manager) will be discussed in
detail. The display linkage table routine was ircluded in
the implementation strictly to add clarity to tne
demonstration and will not be discussed in detail. (Source
listings for the display linkage table routine and tne
system library routines are provided in appendix CB) for the
interested reader.
)
The implementation of the dynamic linker ran on the CP/M
operating system [21]. The hardware support inclvded two
eirht inch floppy disk drives and 55K of main rreirory.
Modules were written in FL/M-9? {22} and compiled under the
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Is is—I I operating system [19].
(It should be noted at this tine that because no
translator which supported dynamic linking was available,
test programs were hand compiled to produce the necessary




A. THE MODULES CE TEE DYNAMIC LINKER
Th p three major modules of the linker w°re the process
initialization module, the (dynamic) linker module, and the
address space manager. Briefly, these modules perform the
following functions:
?roc«=ss Initialization is passed the argument 'program
name' and performs the following:
1. Extracts the name of the program to be executed frcm
the command line.
2. Causes the linker module and the address soace
manager to be initialized.
". Causes the address space manager to (1) enter tne
program in the Drocess address space and (2) load the
program into memory.
4. Causes the linker module to build a linkage table for
the program.
5. 5uilds the interrupt hardier. The interrupt nardler
is invoked by initialized outgoing links and, in tv rn
,
invokes the linker module.
6. Starts the d r o f r a m in execution.
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7. If the display toggle was set (in ths command lire),
causes the process reference table and combined linkage
table to be displayed following completion cf program
execut ion
.
The linker module is invoked (by the fault handler)
with the arguments 'linkage pointer' azi 'symbolic name
offset' (in the symbolic name table) and performs the
following:
1. Extracts the character string nane associated with
the external reference from the calling procedure's
symbolic name table.
2. Invokes the address space manager passing as an
argument the symbolic name of the external object (to be
linked )
.
3. Builds a linkage table for the external object (if
necessary)
.
4. Extracts the data associated with the entry name
field (cf the external reference) from the external
object's symbolic name table.
5. Snaps the outgoing and (if required) incoming links.
6. Causes the snapped outgoing link to be executed by
returning the address of the outp-oin^ link to the
interrupt handler. The interrupt nandler then jumps to
the outgoing link.
The Address Space Manager consists of two subrodules.
ASMSMakeSAccessable is invoked with the argument 'syr v clic
name' (of an object) and performs the following:





?. . If not, loads the object into memory (performing a
relocation if the object is executable code) and makes
an entry for the object in the process reference table.
3. Feturns to the point of call the unique identifier
and base address (viz., 6C&2 'virtual address') of the
object .
ASM$Hemove$Seg is invoked with the argument 'symbolic
name' and performs the following: 1. Removes an object
from a process address space by deleting the c v ject's
entry in the process reference table.
The implementation of each of these modules will now be
reviewed in detail. The discussion will include
implementation details dictated by the 3?S!? hardware and
CP/M operating system support utilized.
1 . Process Initialization
The linker implementation was call 'Exec' and was
invoked by the CF/Y command line
A>Exec pro^ram_name £<cr>
The first function of process initialization was tc scan the
command line to determine the name of the program ('viz.,
program_name ) to be executed. This was performed by the
P.EAD$CO^MANr$LINE subroutine which read the CP/M buffer to
extract the program name. additionally, if the last
character of the command line was '$' (\*nich is optional),
the display topple was set telline dtc^ss initialization to
display the process referenc° tabl° and comrine-1 linkage
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taMe following the completion of program er.e^v. ti on.
Additionally, since a program is executable ccie,
READSCOM^ANDsLINE assume? for the urorra^ a CP/M filetype of
' n nm ' 1^>
Process initialization then calls on the subroutines
INITIAII7ESAFM ane INITIAIIZEsLINOR which iritialize the
address space manager and linker modules respectively.
(These two subroutines are a part of their respective
modules and will be discussed in detail with the parent
module . )
Ravine initialized the address spare manager and
linker module, process initialization then e r. t°rs the
program in the process address space and builds it a linkage
table. Tre program is entered in the address space by
calling 0" ASMSMAKEiACCESSAELE (passing prcgram_name as an
argument. 1! ASMSMAEE$ACCESSABIE returns to process
initialization the unique identifier and base address
assigned to the program. (It should te noted that tecause
the £?££ does not prcvide hardware se,2;m o nta tier , it was
necessary to utilize a unique identifier and rase address in
16
CF/^ utilizes a filetyue field to distinguish the
various tyn^s of fil^s (on disk storage). Tne filetypes
utilized by the linker implementation wpre (1) COM - a file
of executable code: (?) ETA - an data file; (3) Tiv ? - a
linkage table template file; and (4) Rlr - a file of
relocation bits for a COM file.
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place of the object serpent number. ) Process initialization
then calls on an entry point into the linker module (viz.,
the subroutine IINK/lGE$TA3LEs''0 TJTIN5S ) which builds a
linkage table for the program.
The next function of process initialization is tc
build the interrupt vector. It was decided to invoke the
linker (when snapping a link) via a software fault. This
technique allowed initialized out^oinp links to be
independent of the linker address by having the outgoing
link jump (via a software faults to a predetermined location
which then invoked the linker. (The software fault used was
an SC9? PST 4 instruction which saves tne current execution
point on the stack and jumps to the - interrupt vector at
location 20H.
)
The interrupt vector first removes the return
address placed on the stack by the P.ST 4 instruction. This
address represents the address at the end cf tc c outgoing
link* when the link is snapped, it is desired to jump to
the beginning of the out^cin^; link (to reference the
external object). The next instruction of the interrupt
vector calls the linker module passing to it the linkage
pointer (the <?V82 3 and C "e^ister pair) and the offset (in
the symbolic name tabled of the entry for the object tc be
linked. (The symbolic name table offset is loaded in the I
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arH 3 re^ist<=r pair by the initialized outgoing lir v .) When
the linker nodule has conpleted execution it returns tne
address of the outgoing link to tne interrupt vector (in the
hardware H and I register pair). The interrupt vector then
pops any arguments initially passed (by the caller) to the
external object into the D and E register pair and jumps to
the outP'Oinsr link. (The D and E register pair is used to
pass arguments or pointers to a list of arpunerts between
external objects .
)
Finally, process initialization loads the initial
valup of the linkage pointer into the 1 and C register pair
and invokes the program to be executed. These two functions
are performed by the subroutine EXECUTE.
2. The linker Module
The linker nodule was initially written in a high
level pseudocode (appendr-r (A)) and then translated into
PL/v-e£. This pernitted an orderly approach to the
implementation of tne dynamic linker nodule. The linker
module consisted of five major subroutines and a control
routine. The logical relation between linker subroutines is
^iven in fi^ur° 13.
As has been noted tne linker module (i.e.. the
control routine LINKEB) was invoked by the interrupt vector.























arguments the linkage pointer and the symbolic name offset.
ACCESSSSYMEOLICSNAMESDATA utilizes the linKa^e pointer to
address the linkage table of the calling procedure (which
will be referred to as <Caller>^ and extracts the address of
Caller. sym. The entry of the external reference (viz.,
<Target ' Entry_#l>) is then computed by adding the symbolic
name offset to the address of Caller. sym.
ACCESSSSYMiOIIC$NAMF$DATA can now extract (from the
symbolic name table) the symbolic name "Target", the entry
name "Entry_#l", the offset of <Target i Entry_#l>'s outgoing
link (in Caller . link) , and <Tar?et>'s type (i.e., procedure
or data). ACCESSsSTMEOIICsNAMSsDATA will compute the address
of <Target j En try_#l>'s outgoing link (by adding the outgoing
link offset to the base of Caller. link) . Next it will set
the C?/M filetvpe for <7arget> (viz., 'COM' for procedures
and 'DTA' for data^ in the symbolic name buffer. 'The
symbolic name buffer stores the filename and filetype of the
object bein^ linked in a standardized format. The
standardized format is of the form 'EIIENA^E .EILE mv P p ' . Thus
if <Target> was a procedure, the symbolic name buffer would
contain the entry 'TAHGET.COM'.)
LINKER can now call on the address space manager
( AS MSMAKESACCES SABLE) to learn the segment nurrber (i.e.. the
unique identifier and base aadress) of ^TargeO. Cnce LINK!?
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knows <Target>'s segment number data, it will Invoke the
subroutine LINKAGE$TABLE$R0UTIN3S
.
LINKAGS$TABIE$R0UTIN5S determines if a linkage table
already exist for ^argeO by checking the valid entry bit
of the linkage address table entry for <Tar,?et>. (Recall
that the unique identifier of an ob.iect is used as a
subscript into the linkage address table to access the base
address of the object's linkage table.) If Target .link -!oes
not exist, IINKAGE$TA£LEsR0UTINE3 will invoke
B TJIirsOPJECT$LINK to construct a linkage table for 'Target>
and will update <Tar^et>'s entry in the Unsafe address
table. Otherwise, IINKAGEsTABLE^BOUTINES merely returrs a
pointer (the parameter NEW$LINK$PT?.1 to point to
Target .link.
BUIL1?$0BJECT$LINK first causes the address space
manager to enter ^TargetXs linkage table template in trie
process address space. It does this by appending to the
program name (<Tar^et>) the CP/M filetype cf 'T v ?'. (7cr
example, if <Tar fc et> were a procedure, the executable code
would exist in the file TARGET. C0iM while <Tar<?et v 's temDlate
is in the file TARGET .T^
.
) Once the template is loaded intc




Recall that for a procedure, the symbol!" name table
is appended to the end of the object code. Thus, the address
of the symbolic name table for procedures is computed by
adding the offset of the symbolic name table (found in tne
template) to the base address of the object. lor data, the
symbolic name table is a part of the linkage table and its
address is computed bv adding tne symbolic name table offset
to the data object's linkage table base address.
FTILD$03JECT$LINK then enters tne (computed)
symbolic name table address, the linkage table size, and the
body of the linkage table in the combined linkage table as
Target . link. (The combined linkage table v»as a statically
allocated IK block of memory.) BUILD$CBJECT$LINK then
removes the template from the process address space
by invoicing ASM$P?M073sS!IG (an address space manager
17
routine ' ) .
Now that Target. link exist, the linker module car-














ecision to build linkage tables in this manner was
an effort to simulate the mechanisms which would
hardware segmentation were available. Tc create
k in a segmented system, it would be necessary tc
y of the (pure and sharable) template. However, in
ementation, since tne disk copy of a template
re, the process copy (as introduced < by the address
per) could have just a? easily served as the
ble without recopying it into tne combined linkage
te that this approach would eliminate the need for
lv allocated combined linkage table.)
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access the data associated with entry name. The routine
ACCESS$ENTHT$NAME$DATA does this by searching Target. sym
with the argument 'Sntry_#l'. Recall that the symbolic name
table entry for an entry name includes the incoming link
offset and the entry point (of vntry_#l into <Target>). Thus
by adding the incoming link offset to the base address of
Target. link, the incoming link address can be computed.
Additionally, the entry point (offset) plus th c base address
of <TargeO is the target address referenced by the svmbolic
name "Target ! Entry_*l"
.
All the information necessary to snap the link is
now available and LINKER calls on the subroutine
SNAP$THEsLINKS to perform this function. The final
subroutine of the linker module is INITIAI IZEsLINKE?. which
is invokes by process initialization. INITIALI7EUINKER
initializes various pointers (used by the linker module) and
the valid entry bits of the linkage address table. It
returns to process initialization the address of LINKED (for
use in the interrupt vector), the address of the linkage
address table (which is passed as a oarameter to the display
linkage table routine), and the base address of the combined




3. The Address Space Manager Module
Because the CP/M operating system lacked any memory
management executive, it was necessary for the address space
manager to perform functions which would usually te provided
by the operating system. Thus the address space manager had
to he able to load objects into free memory and relocate
executable code. These functions were carried cut by the
subroutines LOAEsOIJECT and RELOCATE respectively. The
implementation of the two subroutines was extremely
primitive providing only tne minimum suprort necessary to
allow the implementation of the remainder of the address
space manager (and will not be discussed in any further
detail )
.
like the dynamic linker module, the address space
manager was first written in pseudocode (app°ndix (A)) and
translated into PL/M-££. It centers around tre mana^in^ of
the process reference table which is implemented as an array
of structures of the form:
Process Reference Table ARRAY of STRUCTURES of
Valid_bit : BOOLEAN;
Name : ARRAY of CHARACTERS;
£ase_address : ATTIRES? J
end;
The valid bit field was set to 'valid' if the er.try
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represented an otject in the process address space. Tne name
field contained the object name in standardized fcrrr (e.ff.*
CALLEP-.COM) while the base_address is the location (in
memory^ where the object v/as loaded. Note also that an
object's unique identifier represents an implied process
reference table field and corresponded to the subscript of
the object's entry in the process reference table.
When ASr$MAKE$ACCE?SASLE is invoiced, it is passed
the object name (in standard form) as an argument.
ASM^MAKESACCESSABLE first searches tne process reference
table to determine if <Targ-et> already has an entry
(implying <^Tar^et> is already in the process address spa^e).
If not, ICAD$CBJECT is invoked to load <Tar^et> into memory
returning the base address of <'Tar^et> to the point of call.
AS!^!"AKE$ACCESSASLE tnen enters <Target> in the process
reference table in the first free entry. The final function
of ASM$maKE$ACCESSA3IE is to return the base address and
unique identifier (viz., the process reference table
subscript) of <Target> to the point of call.
The subroutine ASMSREMOVE^SEG is passed an object
name (in standard form) and deletes the object frcm the
process address space by setting the object's valid_'bit in
the process reference table to 'invalid'.
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Two other subroutines included in the address space
manager were BIS?IAy s?FT which displayed the process
reference table (and is not necessary in a dynamic linker
implementation) and INITIALIZERS!*!. INITIALIZS$ASM is
invoked by process initialization fas is DI5PI ATSPPT ) and
initializes the valid_bits of the process reference table to
'invalid'. Additionally it statically sets the size of the
process reference table (which was arbitrarily set to 16




B. TH? TEST PROGRAMS
Two test programs were run on the dynamic linker. The
first, ESMO, computer" and displayed (in hexadecimal form)
the multiplication and addition tatles (with appropriate
headers for the numbers from B to 15. The second test
program, SUM, added the element^ of an external data array
and displayed the result in hexadecimal form. T'MO
demonstrated all the capabilities desired of dynamically
linked objects. SUM was included to provide a simple example
that will be explained in detail.
1 . Test Program Construction
1
before discussing either test program further, it is
useful to explain the mechanics used in their construction.
First, because a translator which supported dynamic linking
was not available, it was necessary to hand assemble tnose
portions of the test programs unique to dynamic linking.
These included translated external references, symbolic name
-I o
tables, and linkage table templates . All test program
source listings and program test results are included in
appendix (C )
.
18 The test programs, including template?, symbolic name
tables, and relocation bits (for executable cole) were
written in ££&£ assembly code and assembled using tne
Digital Research 60613 Assembler [17].
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a. The Assembled Symbolic Name Table
The symbolic name table of an object can be
found (in the source listings) at the end of either the
object code (for procedures) or in the linkage table
template (for data). Eacn entry in the symbolic name table
consist of four field. For clarity, each field was preceded







DB low_byte, high byte
DB 'OBJECT NAMErENTRY NAME' or 'ENTRY NAME'
DESCn represents the entry descriptor (of the nth symbolic
name table entry). The most significant bit of byte_l
indicated the object type (viz., for procedures and 1 for
data). The five least significant bits of byte_l contained
the number of characters in the name field. Th c remaining
two bits of DESCn were unused.
LINKn is the offset of the entry's out^oir^ or
incoming link in the parent object's linkage table. 20 The
ENTRYn field is an entry point offset in the parent object
19
DB is an assembler pseudo-operator that tells the
assembler that the rest of the line represents data. Data
not surrounded by single quotes is translated as a r.urerical
value while data in quotes is an ASCII character string.
20
In the £23Z, two byte values are stored in memory with
the low byte in the Iowpt numbered memory location. Thus the




associated with some entry name. For an external reference,
low_byte and hieh_cyte of this field were arbitrarily set to
zero
.
The NAI^Sn field held the symbolic name
associated with tne entry. This field contained eitner an
entry name (e.g., ENTRY_#1), or the name of an external
reference (e.g., OBJECT_NAME:ENTRYJJAtfE) . For the NAME field
of an external reference, the 'ENTEY_NAME' portion is
optional. When left out, it implies that the entry name to
he used is the same as the object name. For example, the
procedure M TILT has an entry point by the same name hut
appears as 'MULT' in EEMO's symbolic name table (vice
>ULT:M TTLT').
b. The Assembled Template
The linkage table template was constructed as
assembled code. Templates were of the form:
SIZE : DB low_byte, high_byte
SNT : DB low_byte, high_byte
BODY : DB 0£ , 0£ , 00, 0£, C£ , ee (incoming link)
PUSH D (outgoing link)
LXI D, symbolic_name_table offset
P.ST 4
The SIZE field contains the number of bytes in
the template. SNT represents the offset (i.e., number of
bytes) of the symbolic name table from the be^innine" of
either a procedure segment or a data segment's template.
9^

The BODv of a template contains two types of
entries. For an incoming link, the template merely reserves
six bytes (initialized to 0) in the combined linkage table
in which tne snapped incoming link will eventually be
placed. An outgoing- link consist of three assembly code
instructions. The first instruction (PUSH D) saves the
argument register (viz., the D and E register pair) prior to
loading tnat register with the symbolic name table offset of
the external object to be linked. The third out^oin^ link
instruction (P.ST 4) causes a software fault resulting in the
invocation of the linker via the interrupt vector.
c. Other Problems in Test Frogram Construction
Because the ££62 microprocessor does not have an
indirect addressing CALL instruction, the transfer of
control to an outgoing link (by the executing procedure)
deserves explanation. Recall that it is desired to perform
the following:
CALL (Lp + out«roinff_link_offset)












The first instruction (PUSH B) saves the linkage
pointer. The next two instructions save tne return address
(which is normally done automatically "by a CALL
instruction). The E and I register pair is then loaded with
the outgoing_lirk_cf
f
set and added to the 2 and C register
pair (viz., the linkage pointer) by the DAI B instruction.
DAD B adds the I and C registers to the E and I registers
and leaves the result in tne H and I registers. The value
'Lp + out£Oing_link_off set ' is in noi* jumped to "by the PCEL
instruction (which transfers control to tne address stored
in the E and L registers). The final instruction (PC? D
restores the linkage pointer upon return from the external
procedure.
Very "briefly, a relocation hits file was
constructed by hand and was of the following form:
SIZE : DE low_byte, high_byte
L01££ : DB Mnary_number_l , binary_number_2
The SIZE field represents the number of bytes in the
relocation bits file. The remainder (of the file) consisted
of two binary numbers preceded by a label sucn as I01C0
(where £1££ corresponds to an address in the procedure
object code listing). A '0' in a binary number corresponds
to a non-relocatable byte of object code. A 'l' identifies
the byte as the first of a two byte relocatable address.
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2. The Test Program DEMO
The address space of DEMO included four objects: (l)
the procedure segment DEMO ( ns tra tion) ; (2) the procedure
segment MUIT(iply) wnich included the entry point 'MULT';
(3) the procedure segment DISPIY which included the entry
points 'HEXJ7ALUE' and 'BUFFER'; (4) and the data segment
HEADER which included the entry points 'HEATER' and 'TITLE'.
As has teen noted, DEMO computed and displayed the
(hexidecimal ) multiplication and addition tables for the
values 2 through 15. The construction of each table '*as
performed by the internal (to DEMO) procedure Build_table
which is passed a subroutine as a parameter (viz., AIT, an
internal procedure, and MULT, an external procedure}. ADD
and MULT are passed (by 3uild_table) a number tnat is
added/multiplied by tnrough 15. The result of tne
computation is displayed by invoking the external procedure
DIS?LY.K3X_VALUE. Thus to build a hexadecimal table
Build_table simply invokes either ADD or ^lULT sixteen times
passing as a parameter the values from to 15.
Before building a table. DEMO displays an
appropriate heading. It does this by dynamically- linking to
the data segment HEADER, inserting the appropriate title
(viz., MULTIPLICATION or ADDITION) at the entry point
HEADER. TITLE, and tnen displaying HEADER by passing it as an
97

argument to the external procedure DISPLY.EUITER.
The dynamic linking which takes place during the
execution of EEMO is given in figure 14. EEMO includes
examples of all the various capabilities (of external
objects) desired in a dynamic linking environment including:
(1) The ability to dynamically link and execute external
procedures—EEMO dynamically links to and invokes EISPLY.
(2) The ability to reference external data—EEMO links to
and references HEADER.
(3) The ability to pass external objects as
arguments—HEADER and MULT are passed to EISPLY and
3uild_table respectively.
(4) The ability of an external object to enp-ae-e in dynamic
linking— MULT dynamically links to DISPLY.EEXJTALUE.
(5) The implementation of entry points in objects—EISPLY
and READER both are referenced via entry points.
3. The Test Program SUM
The procedure SUM was included to allow e complete
and comprehensive discussion of the concepts presented in
this thesis. SUM itself is rather simple. It dynamically
links to the external data segment ARRA V and sums the (data)
bytes of ARRAY. The results are displayed ty dynamically
linking to EISPLY. EEXJ^ALUE (passing the sum of ARRAY'S
bytes as an argument). EISPLY. BUFFER is also invoked to










A pseudocode listing of SUM is a-iven in figure 15
while figure 16 presents a representative assembly code
translation of SUM. The assembly code used is not associated
with any particular microprocessor, cut is considered within
the capabilities of most microprocessor instruction sets.
The only instruction used which may cause confusion is
LDPAF.AM (viz., load parameter register). This instruction is
simply a register load but the pneumonic IIFARAM is offered
to signify the passing of arguments to an external
procedure. (Note that the dynamic linger demonstration
implementation uses the D and E register pair for this
purpose. )
The combined linkage table for SU M is shown in
figure 17. (The figure does not include ARRAY. link or a link
for EISFLV . BUFFER) . The linkage table for SUM includes an
incoming link (entry #1) which would be used if SUM were
referenced as an external object. Entry #2 is the outgoing
link from SUM to ARRAY while Entry PZ represents tne
out^oin? link from SUM to DISPLY .KEX_VALUE.
When the two outgoing links of SUM are capped, tne
unlinking data is included in the snapped link and includes
the symbolic name table offset of APHAT and DI C ?1 V . FEX_7£ IUE
(in SUM. sym) respectively and the appropriate linked list
pointers. Unlinking linked lists are implemented as circular




/* Sum adds the bytes of the external data structure
'Array' and then calls on the external procedure
'Disply' to output the result. »/
DECLARE Sum ENTRY FOINTJ




d.ata_array BASED at array_poir. tei STRUCTURE of
number_of bytes : BITE;




/ :;; end of declarations */
array_pointer = address cf array J
result = r;
FOR i = 1 to data_array .number_of_"bytes;
result = result + data arrayTdata (i);
sndfor;




CALL disply. hex_buffer (result);
/* generate a carriage return and line feed '-'
/
CALL disply. buffer ( CR , LF , '&')»
CALL disply. buffer ('End of Sum','6.');
END Sum,
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the header entry (in DISPLY.link) goes from offset 1?E to
0CH (the snapped outgoing- link froir SUM to
DISPIY.HE7_VAIUE). The linked li'st pointer at 2LK (in
SUM. link) points to DISPIY's linkage address table entry
which in turn points to DISPIY.link (viz., r.IS?I v .link 's
header which contains the first node of DISPIY's linked
list).
The assembly code for SUM, ARRAY, and TISPLY is
included in appendix (C) along with the output venerated "by
SUM, the process reference table, and the combined linkage
table also. The process reference table and combined linkage
table are annotated to provide additional clarification.
4 . Observations on the Implementation
a. Size of the Dynamic linker Implementation
The dynamic linker including! the display linkage
table and display process reference ta^le routines was £3<iP
bytes in length. This includes IK bytes of memory statically
allocated to the combined linkage table and 150 bytes
reserved for the hardware stack. (It should be noted tnat
additional memory was allocated to the ?L/ M -6£ stack serm^nt
to prevent stack overflow during test program execution.
This was necessary since the PL/M-90 stack is allocated
based on the needs of the dynamic linker and does not take
into account stack operations done by otner procedures in a
process.) It is emphasized that no effort was make to
10^

optimize the object code. Instead, the dynamic linker was
written to he as clear and obvious as possible.
The dynamic linker was also compiled without the
display linkage table and display process reference table
routines (which were included for the purposes of the
demonstration only). This edition of tne linker was 6272
bytes in length. It is estimated that a complete (i.e.,
including unlinking) and optimized implementation -of the
dynamic linker should require about 7222 bytes of object
code. It is noted that error conditions were not checked for
by the dvnamic linker. However, since there are essentially
only two error conditions which could occur, it is felt that
the size estimate for a dynamic linker is still valid. The
error conditions which may occur are (1^ a reference is made
to a non-existant entry point (References to non-existant
files are flagged by the library routines.), and (2) Tne
statically allocated IK combined linkage table is
overflowed. Sucn problems as running cut cf free memory or
process reference table entries are handled by the unlinker.
b. Overnead Associated with Snapped Links
One of the major arguments against dynamic
linking is the issue of overhead associated with snapped
links. Eefore debating tnis must besue, it is observed mat
the cost of dynamic linking associated with snapping a link
(i.e., the first reference of an external object) is on the
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order of the overhead required to statically link the same
object.
With respect to snapped procedure links, the
overhead (associated with the linker implementation 1) lies in
two areas. First, the linkage pointer must he updated to
always indicate the executing procedure's linkage table.
Thus the linkage pointer must be saved and restored for each
external procedure reference, which requires an additional
two instructions. Additionally the linkage pointer is set tc
point to the (dynamically linked) external procedure by the
snapped incoming link, which requires a third instruction.
Secondly, the execution point goes from the calling
procedure tc the external procedure via the snapped outgoing
and incoming links. This requires two jump instructions not
needed for internal procedure calls thereby c^ingin? the
total overhead to five instructions. It is noted tnat the
extensive code necessary in invoke an external object's
outgoing link is considered a limitation cf the S03£
(because of the lack of an 9e5£ indirect call instruction'
and is not considered overhead induced by dynamic linking.
Recall that to reference external data (via the
outgoing link) a call to the outgoing link is performed, the
virtual address of the data is loaded in a pointer, and a
return instruction (to the calling procedure^ is executed.
Since internal data is essentially referenced by loading a
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pointer with the address of the (internal^ data, the
overhead associated with dynamic linking (for data) is




Eased on the research supported in this thesis it is
reasonable to assert that dynamic linking is feasible in a
microcomputer environment. However, given that the linker
design is implementable on microprocessors, it can be
asserted that dynamic linking does not require the support
of specialized hardware and thus can be feasibly implemented
on most general purpose computers (including minicomputers
and main frames). The overhead is within reason and can be
far outweighed by the derived benefits. It has been irplied
[9, 13, 14] that dynamic linking requires the support of
specialized hardware. It is felt that the major contribution
of this thesis is to dispell that notion.
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APPENDIX A - PSEUDOCODE
EXECUTIVE Linker;
/*
Explanation of variables and constants :
2n_buffer - The entry name buffer is a string variable
where the entry name associated with an external
reference is stored once the entry name has been
extracted from the calling procedure's symbolic name
table.
Fixed_?n_offset - The fixed symbolic name offset is a
constant which represents the number of bytes in
that portion of a symbolic name table entry that
does not vary in size (i.e., the descriptor, link
offset, and entry point).
Free_link_tatle - The free linkage table variable is
the next free location in the combined linkage table
where new (object) linkage tables can be
constructed.
In_link_address - The incoming link address is the
virtual address of the incoming link for the
<external_procedure ! entry_name> being linked.
Incomin?_l ink - The incoming link structure represents
the format of an incoming link. Incoming link is
based at the incoming link address.
Iinkage_ptr - The linkage pointer.
Linkage_array - Linkage_array is a linkage table
structure based at the linkage pointer.
New_link_ptr - The new linkage pointer is assigned the
value of the linkage pointer of the external object
being linked.
New_link_table - The new linkage table is a linkage
table structure (of the external object begin
linked) based at the new linkage pointer.
Ob ject_seg_number - Object segment number is the




Object_type - Object type represents whether the
external object begin linked is a procedure or data.
Out_link_address - The outgoing link address is the
virtual address of the out^oins link assigned to the
<external_object !entry_name> being linked.
Out?oin?_link - The out^oin^
outgoing link address.
link based at the
Sn_buffer - The symbolic name buffer is a string
variable where the symbolic name of the external
reference is stored once the symbolic name has teen
extracted from the calling procedure's symbolic name
table.
Sn_address - The symbolic name address is a pointer
into a symbolic name table.
Sn_item - A symbolic name item is a structure based at
the symbolic name address and represents an entry in
a symbolic name table.
Sn_offset - The symbolic name offset is the parameter
passed the linker and is the offset into the calling
procedure's symbolic name table of the external
reference to be linked.
Sn_size - The symbolic name size is the numbpr of
character in an <external_ref erence lent ry_name> as
found in a symbolic name table entry.
Sn_sizejnask - The symbolic name size mask is used to
extract the size of a symbolic name from a
descriptor in the symbolic name table of the calling
procedure.
Sn_type_mask - The symbolic type mask
type of an external reference (i.e
data) from the descriptor.
extracts tne
crocedurp or
Target_address - The target address is the ultimate
virtual address in an external object which the
calling procedure seeks to reference.
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Template_seg_num'ber - The template segment r.urb o r is
the segment number assigned to the linKa^e table
template when it is entered in a process address
space.
Template - Template is a linkage table template
structure based at template segment number.
Type_data - Type data is a constant which is used to
identify external data objects.
Type_procedure - Type identifies external procedure
procedure objects.
/* end of variable explanations */
/* explanation of declaration types */
ADDRESS - a virtual address.
EYTE - the contents of a virtual address.
CHARACTER - an ASCII cnaracter.
INTEGER - a variable.
POINTER - an address variable which points to a
user defined data structure.
STRUCTURE - a Pascal record.
/* end of explanation of declaration types ~/
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/* The following is a list of variable and constant
declarations used in the linker. */
DECLARE
Sn_buffer : STRUCTURE of
size : INTEGER;
name : ARRAI of CHARACTERS;
end;
Fixed_Sn_offset : INTEGER CONSTANT;
Free_link_table : ADDRESS;
In_link_address : POINTER;






Linkage~array : STRUCTURE BASED at Linkage ptr of
Size : INTEGER;
Snt_address : ADDRESS
Body : ARRAY of EYTSJ
END;
Linkage_address_table : ARRAY of ADDRESS;
New_link_ptr : POINTED;
New link_table : STRUCTURE EASED at New link_ptr of
Size : INTEGER;
Snt_address : ADDRESS;





Out?oinp_link : ARRAI of INTEGER
BASED at Out_l in*_address
;
Sn_buffer : STRUCTURE of
size : INTEGER,*





Sn_item : STRUCTURE EASED at Sn_address of
descriptor : 3YTE;






Sn~size mask : BYTE CONSTANT;
Sn"typejnask : BYTE CONSTANT?
Target_address : ADDRESS;
Template_se^_number : POINTER;
Template : STRUCTURE BASED at Template_se^_r.umter of
Size : INTEGER;
Snt_offset : INTEGER;
Bodv : ARRAY of BYTE?
end;
Type_data : BYTE CONSTANT;




/* linker Control Module */
BEGIN
/* Save processor registers if necessary */
CALL Access Sym"bolic_NameJ)ata;
PARAMETER_LIST : Sn_offset, Sn_buffer, En_buffer,
Linka^e_pointir;
RETURN LIST : Sn_address, En_buffer, Sn_buffer,
OtJect_type f Cut_link_address ;
/* ASM_Make_Accessable calls on the Address Space Manager
to add the object found in Sn_buf fer .name to the
process address space and return tne segment
number assigned to that object. */
CALL ASM_N!ake_Accessatle;
PARAMETE*_LIST : Sn_buf fer . name ;
?.ETURN_LIST : Ob ject_se?_numberJ
CALL Linkage TableJP.outines
»
PARAMETER_LIST T Ob jec t_se?_number , Link_address_table ,
Eree_link_table t New_link_ptr ;




PARAME?EP_LIST : Sn_address, En_buffer, New_link_pt r
,
Object_type, Object_sep,_number ;
RET TTRN_LIST : Target_address , In_link_address;
CALL Snap_the_Links
;




RETURN LIST : None;





Access_Symbolic_Name_Data performs the following functions:
1. Detains the address of the symbolic name of the
external reference being linked.
2. loads the symbolic name of the external reference
in the symbolic name buffer (Sn_Puffer) .
3. Loads the entry name of the external reference
in the entry name buffer (En_buffer).
4. Computes the outgoing link address and determines
whether the external object is a procedure or data.
PROCEDURE Access_Syrbolic_Name_Data;
PARAMETER_LIST : Sn_offset, Sn_buffer, En_buffer,
Iinkage_pointer;
DECLARE i, temp : INTEGER;
Sn_address = Linkage_array. Snt_address + Sn_of f set ;
Sn_size = Sn_item.size AND Sn_size_mask:;
/* Load the symbolic name into Sn_cuf f er .name . */
i = i;
DO WHILE (Sn_item.name(i) <> ':') AND (i <= Sn_sIze)J
Sn_buf
f
er.name(i ) = Sn_i tern .name(i )
;
i = i + i;
end'veile;
/* Load symbolic name size into Sn_buf f er . si re . */
IF i = Sn_size THEN Sn_buf f er . si ze = i»
ELSE Sn buffer. size = (i-1);
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/* Load the entry name buffer with the entry name. */
IF i = Sn_size "HEN BEGIN
/* No entry nane specified, default to the
symbolic name as tne entry name. */
En buffer. size = Sn size;
FOR i = 1 to Sn_size by 1 TO
En_buf fer.name (i ) = Sn_item. named ) *
endteen;
ELSE BEGIN /* entry name specified */
temp = ij
i = i + I?
/* load size of entry name in En_buf f er. si ze */
En_Euf f er.size = Sn_size - i»
/* load entry name into entry name buffer *
/
DO WHILE (i <= Sn_size)
En Buffer .name (i - temp 1! = Sn_i tern. name (i ) J
i = i + 1;
endwhile;
endelse;
/* Compute the address of the outgoing link and
determine the type (procedure or data) of the
external object. *
/
Out_link_address = Linkage_pointer +
Sn_item.linic_of fset>*
Object_type = Sn_item .descriptor AND Sn_type_mask;
RETURN_LIST : Sn_address, En_buffer t Sn_buffer,
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Llnkage_Ta'ble._Routines performs the following functions:
1. Determines if a linkage table already exist for the
external reference being linked.
a. If not, linkage_Table_Routines initialized the
Linkage Address Table value for the object and
then calls on Build_0b ject . link.
b. If so, Linka,<?e_Table_Routines sets a return
parameter ( New_link_ptr ) equal to the linkage
pointer value for the new object's linkage table.
PROCEDURE Lin*age_Table_Routines;
FA?.AMETER_LIST : Ob ject _see,_number, Link_address_table ,
Free_link_tatle , New_link_ptr;
IF Link_address_table (Ob ject_seg_number ) = nil THEN
/* This is the first time the object has teen
referenced by the process and the linker must
build a linkage table for the object. */
BEGIN
Link_address_table (Ob jer t_seg_nurrber ) =
Free_link_ table J
CALL Build Object. link:
FA?.AMETER_LIST : Object_type, Free_li nk_table
,
Sn_buffer, Ob ject_se?_number;
RETURN_LIST : New_l ink_ptr , Free_l ink_table ;
endtfenj
ELSE
/-'- The object already has a linkage table. :;: /
New_link_ptr = Link_address_table ( Object_seg_r.umter )
:
RE?URN_LIST : New_li ni£_pt r , Link_address_table ,
Free_link_table;
END Linkage_Table_ T, outines J
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Build_Object .link performs the following functions:
1. Causes the Address Space Manager to load the external
object's linkage table template into the process
address space.
2. Initializes a return parameter (New_link_ptr ) to the
value of the object's linkage pointer.
3. Appends Object. link to the end of the combined linkage
table.
4. Deletes the linkage table template from the process
address space.
*«* +** *** %* *** *•* v# •*" *'* **** »•*» w>«*m »•* »•* «" y* *•* *'* ** *** -'* **- v* ** »«• -'-»'- - - - - *•* »- v* «* •>•- «'- -- V' «a» %k* «.*» *<- %- -v— *j- »•-.*'- v* * - *'« »'- •»* •»* •>•- >" »** »•- /#(% *»* *>» *f* »|* *1* #)» *|» *i» *Tf",-» *|» '|* -(* .,» »,»»,* ^(, *,* »,% *,* *(* *,» ,,*. »,* r,- -,« «,*»,<« -,» «•,» *,» *,» *|p» *,<. »,» #4* dp *|» *-i> *,» ^f» »,» -,- *(% -,» ',v,« J,* #,» *,» *,* #|<« rp »,» *,» *,» »,» /
PROCEDURE Build_Object.link;
?ABAMETER_LIST : Cbj ect_type , Jree_l ink_table , Sn_tuffer,
Object_seg_number;
DECLAF.E i : INTEGER;
/* m he following two steps cause Sn_buf'f er. name to be
loaded with the filename <symbol!c name
.
template>
and then invokes the Address Space manager to have
the template loaded into the process address space
(with ASM_Make_Accessable returning the segment
number assigned to the template. */
APPEND 'template' to Sn_buf
f
er.namej
CALL ASM Make Accessaries
PARAMETER LIST : Sn_buf f er .name
;
RETURN_LIST : Templa te_seg_number
;
New_link_ptr = Eree_link_table;
IE Object_type = Type_procedure THEN BEGIN
/* If the object is a procedure, then its symbolic
name table is in the object code segment. */






/* If the otject is data, then its symtolic name
table is in its template. */
New_lini_table.Snt_add.ress = New_link_ptr +
Template .Snt_of f set ;
endflse;
New_link_tatle.Size = Template . Size;
FOP. i = to (Template. Size - 2 ) by 1 EO
Nev_lin*_table.Pody (i^ = Template .Body (i);
ENLFOP;
Free_link_table = Free_link_table + 1 +
Template .Size;
CALL ASM_Remove_Seg;
PARAMETER LIST : Sn_buf fer .name J
RETURN_1IST : None;
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Access_Ent ry_Name_Data performs the following functions:
1. Computes the target address in the external otject to
"be utilized in the linkage process.
2. Computes the incoming link address (if applicable).
Sg! *i* 5.* *;; *i* JJ?V •*;* »1* %* *I* *i»V 5J* »£ sis *i* *i» *i* »i* *S* *jc *!* ^1* 5jc ;;: 5,* 5,i s;tvtt i\t jj» ;;c >;* ;|t :,; ?;» s;c *;; *,c ;£ ;;c j;c j|; ~* J,*" *;c *;t ;;: 5;; ;;c 5;j ;;s si* 5;; j;t #;: ;;c 5;c /
PROCEDURE Access_Entry_Name_Data;
PA?AMETE?._LIST : Sn_address, 2n_buffer, New_link_ptr
,
Object _type, Ob ject_se*_nu frier »~
/* Get_Next_Sn_i tem causes Sn_address to point tc the
next entry in the external object's Symbolic Name
Table. */
PROCEDURE. Get Next_Sn_item (Sn_address) ;
Sn_address = Sn_address + Eixed_Sn_of fset
+ (?n item. descriptor ANE Sn size mask);
RETURN Sn_address;~
END Get_Next_Sn_item;
/* Begin Access_Entry_Name_Da ta . */
Sn_address = New_link_table .Snt_address ;
DO WHILE Sn_item.name O Sn_buf f er . name;
CALL Get_Next_Sn_item?
?arget_address = Ob ject_seg_number + Sn_i tem.ent ry_pcint ;
IF Object_type = Type_procedure THEM
In_link_addre?s = New_link_ptr + Sn_i ten . li nk_of f se t
;
RETURN_IIST : Ta rze t_address t In_link_address ;
END Access Entry Name Data;
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Snap_the_Links performs the following functions:
1. Snaps the outgoing- link and incoming link for a
procedure object.
2. Snaps the outgoing link for a data object.
PROCEDURE Sr.ap_the_Iinks;
FARAMETER_LIST : I n_l inK_address , Ou t_link_address ,
New_link_ptr , Object_type t
Targe t_address ;
IP Object_type = Type_procedure TEEN BEGIN
/* Snap a link for an external procedure. */
Cutgoing_link (2) = 'Jump to' In_link_address
;
IF Incoming link. link snapDed bit is unsnapped TEEN
BEGIN
Incominr_link.Load_Ip = 'load Lp' New_link_ptr;




/ :;: Snap a link for external data. :;: /
Outgoing_lir.k (?) = 'load pointer' Target_addressJ





EXECUTIVE Address Space Manager;
/"•
Explanation of variables :
PRT_size - The size of the process reference tatle.
Seg_number - The segment number assigned to a newly-
loaded object by the procedure Load_Cbject.
PPT - The process reference table.
/* end of variable explanation */
/* The following is a list of variable and constant
declaration used in the Address Space Manager. */
DECLARE
PRT size : INTEGER;
Seg~Number : ADDRESS;
PHT : ARRAY of STRUCTURES of
¥alid_bit : BOOLEAN;
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ASM_Make_Accessable performs the following; functions:
1. Determines if the object passed as an arguments is
already in tne process reference table (i.e., is
already in the process address space).
2. If not, loads the object into memory at the next
available memory location and updates the Frocess
Reference Table (PRT).
3. Returns to the point of call the s°gmenNt number
assigned to the object.
5JC *f* »i» 3JC *i» 5,C »,» JJi »,* *(J JJC *.,t 3j£ »,» *^* »,i J,i ^,t J,* ? t5 Xt *|* *j* ^,C *{+ 5|5 3JJ 3,S »,£ .^ ^X *,» *p 5J* *|i *,! Jp *JC *^> *,» JJC »,i *[* ^,* ^* , (» JjC *,S »,» 1,1 J,* ^J J|» -,* JJi 5,1 *^C ?,i *p /
PROCEDURE ASM_Make_Accessable;
PARAMETER_IIST : Object_name?




/* check to see if Object_name is in the PRT */
DO WHILE NOT found AND i <= FRT_size;
IF PRT(i) .valid_bit = valid THEN PEGIN
IF ?^T(i).name = Object_name
THEN found = true;





IF NOT found TEEN EEGIN
/* find a free PRT entry :;: /
i = i;
DO WHILE PRT(i). valid bit = valid;






PET (i).seff number = Sef_Number;
PPT(i) .valid_bit = valid;
ENDTEENi
RETUEN_LIST : PET ( i ) ,seg_number
;
END ASM Make Accessable;
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ASM_Remove_Seg- performs the following functions :
1. Removes an object from a process address space.
3JC 3JC *|C 5JC 3J? 3j« 3JC 3yC *|C *^* 3J5 *j» »,» »,» «f* 5JI ^« 2J( J^ 5jC 2jC 3JC 3JS 5JS *f» 3|S J|S *J? *,£ *^C -^* 9gG -,-. ?J5 JH ^-. *jC 3J5 5j» 5|C *,£ ^,1 SjG 3JC 3JC JJC 5£C ?ji 5JC ,,* 5JC *^t 5J5 3J£ S|* Jf£ »,» •£ ?i* /
PROCEDURE ASI*_Remove_Se£;
FARAMETER_LIST : d ject_name
J
DECLARE i : INTEGER;
found : BOOLEAN
;
/* find Object_name in tne process reference tatle (PET) */
i = li
found = false**
DO WHILE NOT found AND i <= ?RT_size;
IF FRT(i).name = Otject_name
TEEN found = true;
ELSE i = i + i;
endwhile;
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The System Routines invoke the C?/<v operating system
to perform their respective functions. This entails
calling the subroutines nonitor_l (monl) and
moritor_2 (mon2). monl and mon2 very simply transfer
control to the CF/M operating system via a jump vector
located at 05E. The pseudocode for monl and mon2 is
as follows:




load the C register with function^number
load tne D & E register with argument
jump to the CP/M entry point /* location £5E »/
/};: Q-p /^ ncw performs tne desired function as
determined "by the funct ion_num"ber and
arguments */
return "byte value in the E 5. I res /* mon2 only */
end monl
; tne following is the assembly code for monl and mon?
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DYNAMIC LIMKEIt VERSION 1.2
MULTIPLICATION TABLES
00 00 00 00 00 00 00 00 00 00 00 00 00 00 00 00
00 01 02 03 04 05 06 07 06 09 0A 0B 0C 0D 0E 0F
00 02 04 6 06 0A 0C 0E 10 12 14 16 16 1A 1C IE
00 03 06 09 0C 0F 12 15 16 1? IE 21 24 27 2A 2D
00 04 06 ec 10 14 16 1C 20 24 26 2C 30 35 36 3C
00 05 0A 0F 14 19 IE 23 26 2D 32 37 3C 41 46 4B
00 06 0C 12 19 IE 24 2A 30 36 3C 42 4.g 4E 54 5 A
00 0? 0E 15 1C '23 2A 31 36 3E 46 4D 54 5B 62 69
00 03 10 16 20 26 30 36 40 46 50 56 60 6B 70 76
00 09 12 IB 24 2D 36 3E 43 51 5A 63 ec 75 7E 87
00 0A 14 IE 26 32 3C 46 50 5A 64 6S 76 62 6C 95
00 0B 16 21 2C 3? 42 4D 56 64 6E 79 54 6F 9A A5
00 0C 16 24 30 3C 46 54 60 6C 76 64 90 9C A3 B*
00 0D 1A 2? 34 41 4E 5B 66 75 82 ei 9C A 9 E6 C3
00 0E 1C 2A 36 46 54 62 70 7E ec 9 A A6 B6 C4 D?
00 0F IE 2D 3C 4B 5A 69 78 57' 96 A5 34 C3 D2 El
ADDITION TABLES
A
00 01 02 03 04 05 06 07 06 09 0A 03 0C 0D 0E 0F
01 02 03 04 05 06 07 06 09 0A 0B 0C 0D 0E £F 10
02 03 04 05 06 07 06 09 0A 0B 0C 0D 0E 0F 10 11
03 04 05 06 07 06 09 0A 0B 0C 0D 0E 0F 10 11 12
04 05 06 07 06 09 tcA 0B 0C 0D 0E 0F 12 11 12 13
05 06 07 08 09 0A 0B 0C 0D 0E 0F 10 11 12 13 14
06 07 08 9 0A 0B 0C 0D 0E 0F 10 11 12 13 14 1?
07 06 09 0A 0B 0C 0D 0E 0F 10 11 12 13 14 15 16
06 09 0A 0B 0C 0D 0E 0F 10 11 12 13 14 15 16 17
09 0A 0B 0C 0D 0E 0F 10 11 12 13 14 15 16 17 18
0A 0B 0C 0D 0E 0F 10 11 12 13 14 15 16 17 16 19
0B 0C 0D 0E 0F 10 11 12 13 14 15 16 17 15 19 1A
0C 0D 0E 0F 10 11 12 13 14 15 16 17 18 19 1A 13
0D 0E 0F 10 11 12 13 1* 15 16 17 16 19 1A IB 1C
0E 0E 10 11 12 13 14 15 16 17 IS 19 1A IB 1C ID
0F 10 11 12 13 14 15 16 17 18 19 1A IB 1C ID IE
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THE PROCESS REFERENCE TABLE
1 : OB JECT NAV E - DEMO.COM
BAJ51 ADDRESS - 8699
2 : OBJECT NAME - HEADER. DTA
BAJ:E ADDRESS - 9211
3 : OEJECT NAME - DISPLY.COM
BA<5E ADDRESS - 9595
4 : OB.:ect name - MULT.COM
BASE ADDRESS - 9979
5 : NO ENTRY
6 : NC ENTRY
7 : NO ENTRY
£ : NO ENTRY
9 : NO ENTRY
10 : : NO ENTRY
11 .: NO ENTRY
12 : NO ENTRY
13 : NO ENTRY
14 ;: NO ENTRY
15 : NO ENTRY
16 : NO ENTRY
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TEE COMBINED LINKAGE TABLE










SNAPPED PROCEDURE LINK (ADDRESS - 7£40 )
SNAPPED DATA LINK (ADDRESS - 7045)
SNAPPED PROCEDURE LINK (ADDRESS - 7055)
SNAPPED PROCEDURE LINK (ADDRESS - 7060)
LINKAGE TABLE 2 (Lp = 7056 ) ^H£AD£fc.)
SIZE - 25
SNT - 7£7£























INCOMING LINK (ADDRESS - 7096)
INCOMING LINK (ADDRESS - 7102;






INCOMING LINK (ADDRESS - 7113)




DYNAMIC LINKER VERSION 1.0
TEE SUM OF THE DATA ARRAY IS 4
A
END OF S^M
TEE PROCESS REFERENCE TABLE
1 ! OBJECT NAME - SUM.COM
BASIS ADDRESS - 6699
2 ! ob:r ECT NAME - ARRAY.DTA
BASE ADDPESS - 9063
3 : OEJECT NAMF - DISPLT.COM
BAS5E ADDRESS - 9339
4 : NO ENTRY
5 : NO ENTRY
6 ': NO ENTRY
7 : NO ENTRY
8 : 1 NO ENTRY
9 : NO ENTRY
10 : NO ENTRY
11 :: NO ENTRY
12 : NO ENTRY
13 •• NO ENTRY
14 : NO ENTRY
15 : NO ENTRY
16 :: NO ENTPT
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THE COMBINED LINKAGE TABLE









SNAPPED TATA LINK (ADDRESS - 7040
)
SNAPPED PROCEDURE LINK (ADDRESS - 7045)
SNAPPED PROCEDURE LINK (ADDRESS - 70 52)
LINKAGE TABLE 2 (Ip = 7056 ) (a*r.ay)
SIZE - 14
SNT - 7060
















INCOMING LINK (ADDRESS - 7075)
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